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 Summary  
The purpose of this study was first to find an optimum condition for solvent crazing of PET 
fibers producing crazed areas distinctly separated by non crazed bulk polymer along the fibers; 
second to use such order of crazes for obtaining polymer based composites of specific uses.  
Crazing as a general topic has been a research interest for more than 60 years. It had mostly 
been considered to be a destructive, unwanted mechanism that brings enormous economic loss 
and structural failure in polymeric materials. But on the other side, it can also be used in 
creating composite materials. That very idea was initiated by A.L.Volinskii and N.F Bakeev in 
the middle1980s. Since then they have been making attempts to turn the process into a method 
of producing polymer based composites using a network of pores and fibrils within polymer 
matrix. Such structure of network, i.e. fibrils spanning pores, can be kept with the support of a 
surface active liquid which is the essence of solvent crazing process.  
Crazing, especially the solvent crazing phenomenon is very complicated and is not easy to 
tackle. Although the process has actively been studied for long, mechanisms of craze 
development are not completely understood. In this thesis, it was attempted to achieve a 
predesigned craze structure in PET fibers and use the structure for producing various polymer 
composites.  
Solvent crazing is a process carried out in the presence of surface active liquids. Generally the 
process may take place in four stages; craze nucleation, craze propagation, craze widening and 
craze collapse. A proper choice of surface active liquid plays an important role as the liquid 
reduces the surface energy at phase boundary of craze and bulk polymer, and prevents the 
collapse of crazes. In addition to that, the surface active liquids serve as delivery agents of 
additives into the polymer matrix for producing the composites. As the additives dissolve in the 
liquid, they will be transported inside the crazes and thermodynamic incompatibility between 
the polymer and additives can be neglected.  
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By taking advantage of such properties of the solvent crazing, silver deposition through 
electroless plating was carried out in order to metallize selectively crazed zones in PET fibers. 
The fibers were crazed in prior to obtain array of crazes isolated by bulk polymer. In order to 
create such array of crazes along the fibers, crazing was performed first at very slow rate of 
1mm/min to as low as 5% strain and then the rate was increased to 20 mm/min to widen the 
crazes that are located in the above mentioned manner. Slow rate enabled the formation of well 
separated crazes from non crazed bulk polymer and high rate allowed to expand the crazes. The 
chosen conditions were set with great deal of efforts. After figuring out the optimum condition 
that led to desired array of crazes, metal deposition was effected. Locally metallized crazes 
made the fibers anisotropically electroconductive. The resistance of the fibres was measured in 
parallel and perpendicular to the fiber axis by using the four-probe method. Due to the variation 
of the geometrical structure of the conductive path, the measured values of resistance varied 
and can be as high as 1 Ohm.  
The selectively formed crazes were also used to grow metal seeds inside the crazes so that the 
fibers were encircled by metal. Seed mediated growth approach was used with the combination 
of solvent crazing of PET fibers. As a result, continuously connected crystals were formed as 
separated metal rings along the fiber. It was recognized that the deeper and wider the crazes 
were the better the formation of interconnected and continuous “bands” of crystals was.  
Last but not least, hydrolized keratin based oligopeptides were incorporated into the PET fibers 
via solvent crazing. The purpose of this work was to alter the hydrophobic nature of PET fibers 
into hydrophilic and to obtain synthetic and natural fibers composite. Depending on the strain, 
PET fibers’ moisture uptake was increased more than 10 times at maximum.  
It’s recognized that producing natural and synthetic fibers composites via solvent crazing is 
possible. Characterization of crazed fibers and composite materials were performed using 
optical and fluorescence microscopy, FESEM, SEM EDX, Elemental analysis technique, 
Keithley 2400 SourceMeter, VHX-1000 Digital Microscope (Keyence Corp). 
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Chapter 1 
POLYMER CRAZING: MECHANISM AND APPLICATIONS 
1.1 CRAZING PHENOMENON  
When polymer materials are loaded with stress they can deform by shear yielding, 
crazing or cracking. Crazing is a specific type of plastic deformation that differs by distinct 
characteristics from other modes of polymer deformation. The process had been falsely 
considered as cracking and sometimes interchangeably termed as “craze and cracking” until 
the concept of crazing was widely recognized. However crazing develops nanometer sized 
voids bridged by fine fibrils [1].  
Since early 1950s the crazing phenomenon has been studied as a precursor of brittle 
failure of polymer materials. The studies concerned the origin of polymer failure caused by 
crazing and evaluation of the life cycle and durability of the polymer structure [2-12]. As 
mentioned above, crazing was considered similar to cracking till C.C.Hsiao and J.A.Sauer 
claimed that ”crazing is an actual mechanical separation of polymer chains or groups of 
chains under the action of tensile stress” [13]. About a decade later others continued the study 
of morphology, composition and structure of crazes on different polymeric materials. 
Common features of crazes that had been observed were refractive indices different from 
undeformed polymer, increase of specific surface indicating void formation and relatively 
sharp borders between crazed and non crazed areas [14, 15]. In [15] Spurr and Niegisch 
examined craze structure with electron microscopy and confirmed that crazes may develop 
porosity.  
Crazing is a heterogeneously localized plastic deformation. It has been described in literature 
as “a kind of “tortured” plastic flow with a large number of voids” [14], “unstable local 
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plastic deformation accompanied by volume expansion” [16] and “planar zones of spongy 
matter occurring normal to the direction of maximum principal tensile stress in isotropic 
polymers” [17]. When tensile stress or strain reaches a critical value at stress-concentrating 
sites such as surface imperfections or bulk heterogeneities of polymers, these local stress 
concentrators start to initiate crazes [1, 18-22]. Thus craze development mainly consists of 
the following stages, i.e. craze nucleation, craze tip advance, craze widening and collapse of 
porous structure of crazes at high strains [1, 14, 23]. Crazing is also subdivided into dry- and 
solvent-crazing depending on the environment. Dry crazing refers to the process of polymer 
deformation taking place in air / inert liquid and solvent crazing denotes  the process in 
contact with surface active, often swelling liquids [1, 23]. In this Chapter, crazing 
mechanisms are considered occurring both in air/inert environment and in surface active 
liquid. 
1.2 CRAZE NUCLEATION IN AIR/INERT ENVIRONMENT 
Craze nucleation criteria are analogous to stress yielding criteria and comprise of maximal 
principal stress, maximal principal strain, deviatoric stress, dilatational stress, flow stress, 
size of defects and combinations of those [1, 2, 4, 14, 16, 19]. Craze nucleation takes place 
due to microheterogeneities, e.g. surface imperfections, internal stress and multiphase 
structures produced by blending of generally immiscible components of polymers [3, 19, 22, 
24-26]. As it was found, below a "critical" strain, craze nucleation does not take place “in any 
finite period of time” [14]. Similarly, there is a critical hydrostatic stress at which craze 
susceptible defects start to nucleate crazes [1, 14, 23].  A critical size of craze nuclei for a 
given stress can be defined as well [1].  
Cavitation or meniscus instability mechanisms are two main models to explain craze 
nucleation [1, 4, 6, 10, 22]. In the first model, craze nucleation takes place at stress 
concentrating sites at which formation of microvoids begins due to lateral stress build-up in 
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the plastic zone that relieves triaxial constraints [1, 4, 14, 27]. In a brief, craze nucleation is a 
process of subsequent microsized void formation in the stress induced, plastically softened 
zone of polymers [1, 3, 4, 11, 14, 17, 24]. In a mathematical model [1], cavitation craze 
nucleation that takes place at the critical stress can be characterized by a negative pressure  
and a deviatoric stress  as described below (Equations 1, 2). 
                   (1) 
1/2 
    (2) 
- negative pressure 
- deviatoric stress 
- components of stress tensor 
Kausch proposed a schematic drawing of craze nucleation process which is given in Fig.1.  
 
 
 
 
FUGURE 1. Schematic illustration of craze nucleation by cavitation [1].Formation of a localized plastic 
zone where lateral stresses built up (a), nucleation of voids caused by localized triaxial constraints stresses 
(b), expansion of voids developing void network separated by fibrils (c). 
In general it’s agreed that void formation results in fibrillar and porous microstructure [1, 4, 
28, 29].  
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1. The meniscus instability theory is based on Taylor’s work exploring the contact 
between two fluids with different viscosities between two parallel glass plates (Hele-
Shaw cell). When the plates are pulled apart, the liquid layer forms a continuous 
circular shape by virtue of the surface tension [24, 30]. If the pulling rate is slow, the 
meniscus is still able to keep its shape. But if the rate is rather high, the meniscus 
looses its maintenance in keeping the continuous layer and breaks up creating new 
surface areas [24].   
In a similar manner, at the craze tip polymeric “walls” separating “fingers” break and 
leave behind the characteristic fibrillar structure [Fig. 2].  
 
 
 
 
 
 
FIGURE 2. "Schematic plan view of craze tip, showing air fingers extending into the plastic zone, 
leaving craze fibrils in their wake. Arrow indicates propagation direction." [22] 
For this mechanism, the local plasticity plays a crucial role and it is supposed to be attained 
by the local strain-softening process [22].  
According to [31], the Taylor meniscus instability model for crazing differs by two factors 
from a usual liquid Taylor instability. First, the sizes of walls and fingers are in the 
nanometer range and second, rupture of chemical bonds may take place instead of a 
continuous viscous flow. Voids formed by meniscus instability mechanism would 
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immediately develop the interconnected porous structure which doesn’t take place in the 
cavitation process. 
1.3 CRAZE GROWTH IN AIR/ INERT ENVIRONMENT 
Since newly formed crazes are as tiny as few nanometers wide, the main fibrillar structure of 
crazes is formed by craze growth mechanism [1, 6, 20, 40].  
Craze growth involves two processes, i.e. craze tip propagation into the polymer core and 
craze widening. [1, 39]. The craze tip propagation occurs again by Taylor meniscus 
mechanism and the width of the crazed area increases mostly by drawing new polymer from 
craze/bulk polymer interface although a creep mechanism was also considered to be 
associated [40]. The creep widening is not clearly observed at least for air crazing [40]. The 
mechanism is illustrated below in Fig.3. 
 
 
 
 
 
 
FIGURE 3. Illustration of craze growth process in polymer matrix [28] 
As it’s illustrated in Fig.3, the craze tip advances within the strain softened area into the 
polymer core and meanwhile craze fibrils thicken/widen by pulling more material from the 
craze-bulk polymer boundary. Since the molecular chains are drawn out from unoriented 
polymer, entanglement loss occurs either by chain disentanglement or chain scission [27, 40]. 
According to [27] strand loss is put into effect by chain scission when chain mobility is very 
low, for instance at a low temperature. It’s called chain scission crazing. The mechanism is 
independent of the molecular weight of polymer above the entanglement molecular weight. 
 
Craze tip 
Stress direction 
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When the chain mobility is high enough, meaning at a high temperature or low strain rate, 
chain disentanglement comes into play and the process is referred to chain disentanglement 
crazing. The parameters influencing the two mechanisms can also determine another type of 
localized plastic deformation which is shear  yielding [27, 33, 40], and it was observed that a 
deformation can take place either via crazing or shear yielding depending on the polymer 
chemical structure, molecular weight, drawing temperature, strain rate and physical ageing 
[27]. Shear yielding is a mechanical response of polymer when the polymer develops plastic 
incompatibility due to intrinsic stress softening followed by oriented hardening. Shear 
yielding appears in bands that develop at about 45° to the primary tensile stress direction, 
which corresponds to the maximum shear stress direction [1, 23]. According to [27], shear 
deformation zones can be diffused or localized depending on deformation conditions, 
chemical structure of the polymer and physical ageing. Shear yielding and craze development 
mechanisms are highly competitive in amorphous polymers and shear yielding takes place 
“with a delocalized strain softening [36] which occurs either at a well defines creep delay 
time [37, 38] or when the elastic strain energy reaches a critical value which is a function of 
strain rate, temperature, and the physical state of the material” [3].  
Crazing causes localized plastic softening ahead of the craze tip and on the other hand the 
polymer undergoes oriented hardening. Thus the plastic deformation proceeds by shear 
yielding along the softened region that is limited by the oriented macromolecular chains [10, 
28, 35]. If the chain entanglement density of polymer is high, shear deformation zones appear 
more readily and predominantly.  
According to Estevez and coworkers [28] whether a polymer is deformed either by shear 
yielding or crazing is dependent on the opening rate of crazes.  
Both crazing and shear deformation zones are observed at intermediate entanglement density 
of polymer [27]. It was also noted that shear deformation zones don’t contain voids and can 
be localized or diffused as shown in Fig 4. 
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However there is no general agreement on the porosity developed by shear bands. In [34] it 
was experimentally proven that shear bands can also develop porosity. This conclusion is 
contradictive to some views stating that shear bands differ from crazing by not containing 
voids [27, 33]. Also the question if shear band development is assisted by the liquid is 
unclear. Thus it can not be strictly said that shear bands don’t contain voids.  
 
1.4 CRAZE BREAKDOWN IN AIR/ INERT ENVIRONMENT 
The craze growth is the beginning of the fracture process in glassy polymers. As stated in 
[40], craze fibrils start to break at the craze-bulk polymer interface although it was believed 
to occur at the craze midrib (midrib- the oldest part of craze that has the highest fibril 
extension ratio).  When it comes to discuss about craze breakdown, it should be related to the 
true fibril stress,  (S- craze stress, - craze fibril extension ratio [40.]  Obviously, 
the larger the fibril extension ratio, the higher its the true stress. “Since decreased 
entanglement density of the polymer leads to increased such decrease should produce 
decreases in craze fibril stability” [40]. Another factor influencing the fibril stability is the 
disentanglement of the polymer chains which has as important impact as on the craze 
breakdown. Reference [40 discussed, a microscopic model of the craze fibril breakdown 
process. A polystyrene sample with a standard molecular weight distribution was taken as a 
FIGURE 4.  a) Optical microscopy of localized shear deformation zone in aryl-
aliphatic copolyamide,    b) TEM image of diffuse shear deformation zone in methyl 
methacrylate-co-N-methyl glutarimide copolymer [27]. 
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testing sample. According to this model, the mean number of entangled strands in the craze-
bulk boundary should not be affected by the strand loss. If the number of strands becomes 
zero, the craze widening process is terminated and the polymer will fail. The probability of 
strand breakage was estimated as follows [40]: 
 
 (0) – The probability of strand breakage 
 –   The mean number of entangled strands 
  –The fraction of entangled strands which not involved in chain scission at the interface 
For the tested PS sample, q was estimated to be 1×10
-20
 and used for predicting the craze 
fibril breakdown. The predicted value was over 9 times bigger than observed by Yang [41]. 
Thus it was concluded that the breakdown of the craze fibrils does not only affected by craze-
bulk interface but also by chain disentanglement.  
In [40] the craze breakdown process was investigated for a PS film by high resolution optical 
microscopy and transmission electron microscopy. A TEM micrograph of a fibril breakdown 
in the film is shown in Fig.5.  
 
 
 
 
FIGURE 5. TEM micrograph of craze fibril breakdown [40] 
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As shown in the Fig.5, a pear-shaped void was created due to craze fibril breakdown. 
Breakdown was found at the craze-bulk interface not in the craze midrib as thought earlier 
[40]. This pear shaped void is characteristic of all breakdowns in all crazes [40]. 
In accordance with [27] the fracture proceeds by two different mechanisms. In the case of 
high molecular weight polymers, breakdown of craze fibrils is related to chain scission. For 
chain disentanglement crazing, craze breakdown is realized by chain disentanglement and 
fibril creep mechanisms.  
1.5 POLYMER CRAZING IN SURFACE ACTVE LIQUID 
Effects of solvents and their vapors on the craze development have been known long ago [14, 
42-53]. It was reported in [46-48, 52, 53] that some solvents decreased the craze stress at 
craze-bulk polymer.  Polymer crazing in surface active liquids develops by the same 
mechanisms with the same stages as in air/ inert environment crazing. However according to 
[40] it is more complex than air crazing and the presence of surface active liquids [23, 42-
53]. In accordance with [23], the stress is localized at surface defects where the polymer free 
volume and mobility of polymer chains are increased even well below the glass transition 
temperature. The fibrillation starts similar to the dry crazing, but may proceed easier due to 
the reduced surface tension. The active liquid penetrates to the interfibrillar pores due to a 
hydrostatic pressure and capillary forces. The liquid reduces the surface tension of fibrils 
therefore the craze fibrils may elongate much more than the fibrils created in dry crazing. At 
high strain, the pores collapse due to fibril coagulation and the elongation proceeds as in the 
dry state until the sample breaks [23].  
PET films were stretched in different liquids in order to examine surface active liquid’s 
effect on crazing [23]. Obtained stress-strain curves are shown in Fig.6 
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As it’s seen in Fig.6, no decrease was observed for the initial elastic modulus and the surface 
active liquids reduced the craze stress. Compared to air/inert environment crazing, local 
plasticization may be enhanced by polymer swelling in solvent crazing [23, 42-45]. In [46] 
Kambour and coworkers reported a strong dependence of crazing resistance on the degree of 
swelling and reduction of Tg for poly(2,6-dimethyl-1,4-phenylene oxide). The swelling was 
well correlated with most of testing liquid’s Hildebrand solubility parameter δs. Based on this 
work, Kambour and coworkers compared dry and plasticized polystyrene [47]. In the first 
series of experiments, PS strips were exposed to a series of organic liquids and subjected to 
solvent crazing. In the second series, various amounts of o-dichlorobenzene were mixed with 
polystyrene and the molded specimens were subjected to crazing in air. The reason of 
incorporating a crazing agent into the polymer beforehand was to understand the following 
points: 
a) the conventional surface energy influence is eliminated because no liquid is in contact 
with the polymer specimen surface, 
FIGURE 6. Stress-strain curves of PET in air (1), ethylene glycol (2), n-heptane (3), oleic 
acid (4), formamide (5), triethylamine (6), n-propanol (7), CCl4(8), butyliodide (9). [23] 
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b) homogenously mixed crazing agent nullifies the concentration gradients and 
corresponding swelling-related stresses, 
c) change in Tg  from one sample to another depends smoothly on the concentration and 
unaffected with swelling process.  
It was found that in average, the solvent crazing resistance of undiluted polystyrene was the 
same as the crazing resistance in air of preplasticized polystyrene. This finding implied that 
liquid/polymer interface didn’t play an important role in crazing effectiveness. It was 
contradictive to the previous findings that liquids reduce crazing resistance by wetting the 
polymer surface. The authors explained this by the fact that crazes keep growing by void 
nucleation ahead of the craze structure. As evidenced by electron microscopy, voids were 
interconnected and got readily filled by any liquid present in the environment. But nucleation 
of new void took place at a distance ~100 Å or more away from the existing craze. Thus 
filling of the craze with a crazing liquid to produce a new void was not sufficient to promote 
crazing. From that point of view, the authors concluded that the crazing agent doesn’t speed 
up crazing by reducing the surface energy. This is not in agreement with findings [48] that 
organic liquids reduced Tg and the critical crazing stress ( c). In [45] Yaffe and Kramer 
inspected the environmental craze growth in thin films of PS using homologous series of 
alcohols. Decrease in Tg was demonstrated and resulting environmental craze structures were 
strongly depended on rather small changes in Tg. Lately in [35] Arnold carried out series of 
experiments to determine the effect of liquids on the craze development. The experiment was 
performed with polycarbonate sheets. The sample was crazed in air in prior to the crazing in 
ethanol by immersing the sample while it was still loaded with stress. In his experiment the 
author suggested a concept of “departure point” the point in which optically visible crazes 
start to form. Although the correlation between solubility parameter and critical stress were 
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not clear for all polymers tested, a general trend was obvious that certain liquids reduced Tg 
and plasticized stress susceptible sites as a cause to fasten crazing [35].  
1.6 THE POSSIBILITY OF CONTROLLING CRAZE SIZES AND LOCALIZING 
CRAZES IN POLYMER MATRIX 
In [40] a diffusion model was suggested for a controlled craze growth and verified by 
deformation of PMMA in 5% toluene vapor mixed with cyclohexane. The experiment was 
intended to examine the vapor’s effect on craze widening and craze breakdown mechanisms. 
As a result, it was shown that there was a critical rate of polymer deformation above which 
crazing did not differ from air crazing, below which the solvent vapor remarkably accelerated 
the craze widening process. Observed differences to air crazing were craze sizes approx.4 
times bigger than those developed in air. The size was depending on the deformation velocity 
though. The reason of thicker and more stable craze development was explained by the 
solvent vapor’s effect that reduced the craze surface stress at the boundary of craze-bulk 
polymer.  
In accordance with [23], it is possible to obtain highly porous polymeric materials via 
environmental crazing with pore sizes in the range of 10nm to 10µm. In solvent crazing, 
with loading, stress is localized at surface defects that increase the polymer free volume and 
mobility of polymer chains even well below glass transition temperature. As a consequence, 
macromolecular chains oriented along the applied stress direction start to aggregate. The 
aggregated polymer chains undergo fibrillation. The process creates distinct phase 
boundaries and microvoids. Voiding reaches maximum void volume and size, before finally 
the fibrils come close to each other and coagulate laterally developing a neck. During void 
formation, surrounding liquid is delivered into the interfibrillar pores due to capillary force. 
An active liquid reduces the surface energy at the boundary of bulk polymer and craze 
structure, and the craze fibrils elongate much more than the fibrils created in dry crazing. 
13 
 
When the pores collapse due to fibril coagulation with further stretching the elongation 
proceeds as in the dry state until the sample breaks [23]. At this stage liquid that was 
transported into crazes will be squeezed out. The process is described schematically in Fig.7.  
 
 
    Initiation                   Propagation                    Craze widening                   Craze Collapse 
FIGURE 7. Crazing stages in glassy and semicrystalline polymers 
By a proper choice of a surface active liquid, a sponge- like yet fibrillated structure can be 
obtained while brittle failure of the polymer is being prevented. 
Fig.8 illustrated the crazing took place in PET samples drawn in air and surface active liquid 
respectively.  
 
 
 
 
FIGURE 8.  PET samples drawn in air (top) and in the presence of surface active liquid (bottom) 
[23]. 
As it can be seen, the sample stretched in air developed a monolithic neck, while the other 
one stretched in the liquid didn’t experience a lateral contraction as a neck but developed 
pores and therefore became opaque.  In particular, liquid surfactants prevent the craze fibrils 
from severe aggregation.  Still stress- strain curves obtained from air crazing and solvent 
crazing are quite similar. As observed by the authors, the thickness of polymer materials’ has 
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its impact on the craze growth [23]. Polymer films of 50 µm and 700 µm thickness were 
compared. Drawing parameters such as surface active liquid, applied stress, strain rate were 
the same. During the experiment it was found that the craze propagation was different 
depending on the thickness. In the thinner film, the craze development took place through the 
whole cross section of the sample in separate, single bands. A well-defined fibrillar porous 
structure which is characteristic of solvent crazing was detected by electron micrographs. In 
the case of thicker film, craze development didn’t continue in single bands beyond 120-130 
µm from the both sides of the film. Instead further propagation continued by craze branching. 
By SEM observation, it was revealed that these craze branches also have a porous structure. 
Hence each craze breaks up into number of fine crazes, the width of each individual craze is 
not more than 0.3-0.5 µm [23]. It was also observed that the thicker film developed porosity 
in the core which was revealed by liquid permeability although the crazes didn’t reach the 
core. The liquid permeability was observed even at a strain as low as 15%. The author 
reported that the deformation proceeded by shear yielding in the core of the film [23].  
Volynskii and coworkers distinguished phenomenologically between classical crazing and 
delocalized crazing. According to the concept, amorphous polymers deform by classical 
crazing and semicrystalline polymers can also deform via delocalized crazing. When a 
crystalline polymer is deformed in the presence of a compatible liquid, the porosity develops 
throughout the polymeric material due to craze nucleation all over the sample. In contrary to 
the crazing of glassy polymers in which crazes start from surface inhomogeneities, 
delocalized crazing nucleation takes place all over the volume due to internal 
inhomogeneities down to 10 nm. X-ray scattering patterns corresponding to classical and 
delocalized crazing were quite different [Fig.9].  
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FIGURE 9. X-ray patterns formed in classical (a) and delocalized crazing (b) [23] 
From Fig.9 it can be seen that in the case of classical crazing, SAXS patterns show two 
perpendicular reflections, whereas in delocalized crazing diffuse scattering is recorded along 
meridian [23].  The intensity of equator can be explained by delocalized orientation. SEM 
images shown in Fig.10 depict crazing in a glassy polymer with clear boundaries between 
bulk polymer and crazed zones while delocalized crazing in a semicrystalline polymer yields 
homogenously distributed pores over the whole sample.  
 
 
 
 
FIGURE 10. SEM images of crazed PP films drawn to (a) 100% strain in n-propanol and (b) drawn 
in n-heptane to 200% strain[23] 
In semicrystalline polymers fine crystallites which are ~10 nm in size are dispersed in the 
disordered amorphous matrix. When the amorphous matrix is plasticized by being exposed to 
active liquids, dispersed crystallites act as nucleation sites throughout the polymer [23].  
Removal of surface active liquid from the crazed structure resulted in a dramatic structural 
rearrangement within the volume of crazes and changes in properties. In [23] experimental 
(b) (a) 
(b) 
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work investigating the influence of material’s thickness on craze collapse mechanism was 
reviewed. Two different thicknesses of samples were taken. The samples were drawn to a 
pretty high strain of 200%. A sample which had 300 µm of thickness did not shrink by side 
contraction while 50 µm thick sample experienced collapse of the porous structure that 
caused severe side contraction of the specimen. Very high strain and evacuation of liquid 
result in rupture of fibrils that leads to the craze breakdown.  
As a concluding remark, surface active liquid allows the polymer to develop more 
homogenous fibrillar-porous structure in solvent assisted crazing.  
1.7 SOLVENT CRAZING AS A PREPARATORY STAGE TO PRODUCE POLYMER 
COMPOSITES 
Based on the above mentioned properties, solvent crazing technique can be applied as a 
preparation step to produce composite materials using commercially available polymers [23]. 
Thermodynamically incompatible components can be integrated into polymer films and 
fibers. The pores developed by crazing are interconnected and relatively easy to access, 
therefore crazing can be used to produce polymer-based membranes and composite materials. 
Volynskii and coworkers made great attempts to produce polymer composites via solvent 
crazing and a number of reports on producing polymer-polymer composites were published 
[23, 54-61], e.g., crazed polymers were impregnated with monomers that were polymerized 
within the craze pores [23]. As it’s stated by the authors, the polymer blends obtained by 
solvent crazing are quite different than those prepared by conventional methods. Polymer 
blends prepared by conventional methods have usually spherical domains after the 
polymerization, but the blends prepared via solvent crazing consisted of three phases, e.g., 
crystalline and amorphous phases of host polymer and non spherical domains of the second 
polymer component.  From the mechanical properties, it was concluded that through solvent 
crazing a molecular orientation in polymer-polymer blend can be obtained [23].  
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A similar technique was applied to determine the impregnation by low molecular substances 
of polymer films via solvent crazing [23]. n-Octadecane (OD) was chosen to be incorporated 
into a polymer due to its ability of serving as a surface active liquid at elevated temperature 
that could be crystallized inside the craze pores. The crazing was carried out to different 
strains. The samples were characterized by DSC (Differential Scanning Calorimetry) in order 
to judge the thermal behavior of OD introduced into the crazes and to reveal the pore sizes of 
the crazes by the crystallization temperature of OD. The dimensions were found to be 10 to 
500 Å. The fibers were washed with n-heptane in order to measure the mass loss of the 
sample.  The easiest mass loss caused by the first washing cycle was due to the removal of 
OD located in macroscopic surface defects or large pores. The following washing cycles that 
had declined but continuous mass loss were related to a large mass fraction of OD confined 
within crazes.  
In a further study, synthetic filaments equipped with an antibacterial compound potentially be 
used as wound dressing, band aids, masks etc [61, 62]. Low-oriented continuous 
poly(ethylene terephtalate) multifilaments were stretched in alcoholic solution of zinc 
chloride in order to incorporate zinc ions into the filaments [61, 62]. After loading the 
filaments with ions, filaments were exposed to bacterial medium. The treatment resulted in 
nearly complete inhibition within 20 hours. After 20 hours exposure, the ability of inhibiting 
given bacteria was decreased by 60%.  
Also the substances such as dyestuffs, antistatic, antioxidant and flame retardant agents were 
integrated to polymers via solvent crazing as additives [23, 50, 57], e.g., any kind of dyestuff 
that is soluble in a delivery surface active liquid and is not limited by its compatibility can be 
chosen and the dyeing procedure can be carried out at room temperature. In order to 
incorporate more than one dye, drawing of the filaments was performed in a bath containing 
one type of dye to a certain strain, before another dye was added and the strain increased 
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further. Subsequent addition of three different dyestuffs into the same bath resulted in 
distinctly colored filaments. In Fig. 11A, the side image of filaments is presented.  
 
 
 
 
 
 
FIGURE 11A. Dyestuff in PET fibers incorporated by solvent crazing (side image) [62] 
 
The filament has been colored with all three dyestuffs within different segments along the 
length. Thus the penetration of dye occurred predominately during the craze growth stage, 
not during the subsequent soaking. Dyestuffs tended to be incorporated only in the regions 
where the polymer was about to be transformed into the neck. Non-deformed bulk polymer 
remained not colored. Cross sectional slices of the colored, necked areas are shown in Fig 
11B.      
 
 
 
 
 
FIGURE 11B. Dyestuff in PET fibers incorporated by solvent crazing (cross sectional image) [62] 
 
Volynskii and coworkers [23, 58-61, 64-65] reported also attempts to produce polymer-metal 
composites by solvent crazing. In [23] the first trial of producing metal-polymer composite 
was presented. Solvent-crazed polymer films were placed between two chambers for a 
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countercurrent diffusion of reagents. The chambers contained silver nitrate and sodium 
chloride aqueous solutions.  As a result, craze pores were filled with silver chloride crystals. 
Some of the crystals were encapsulated within pores and some were detected on the craze 
surface. Electroconductivity measurement was not performed on the films. It looks like the 
authors were more interested in learning the formation mechanism of crystals within crazes 
than its conductivity properties. Another attempt to produce electroconductive PET filaments 
was an introduction of polyacetylene into HDPE [23]. The experiment resulted in 14-16 
orders of magnitude increase in the electrical conductivity. In [58] another report on 
integrating AgCl crystals into an insulating synthetic polymer prepared by solvent crazing 
was published. Also the countercurrent diffusion cell was used to obtain silver chloride 
crystals incorporated into polymer matrix [62]. The cell was designed to reduce silver ions 
within the pores. Metal stripes were formed through polymer films of which electrical 
resistance fluctuated between 28 Ω to 0.5 Ω. 
Polymer based electrically conductive composites have been of academic and commercial 
interests from beginning of 1960s due to their applications encompassing electronics, 
medicine, aerospace and automotive industries, etc.  Traditional metal, even semiconductor 
devices are increasingly replaced with electroconductive polymeric materials from the market 
owing to their light weight, low cost, less toxicity, flexibility of design, corrosion resistance, 
capacity of mass production and ease of handling. In general, electrically conductive 
polymers can be classified into three groups, i.e. intrinsically conductive polymers, ionic 
conductors and polymers containing electrically conductive substances integrated physically 
[66-76].  
Before going into details of the three groups of polymers it is worth mentioning briefly why 
some carbon based polymers are insulators, some are semiconductors and even some become 
highly conductive like metals. Intrinsically conductive polymers are π-conjugated chain 
molecules. Some typical examples of conjugated polymers are given below in Fig 12.  
20 
 
 
 
       
     
 
 
 
FIGURE 12.  Conjugated polymers [62] 
 
Intrinsically conductive polymers possess semiconductor- or metal-like electrical properties, 
but mostly still keep the typical chemical and mechanical properties of conventional 
polymers. Intrinsically conductive polymers are vulnerable to atmospheric oxidation and their 
conductivity fades quickly with time [47, 48]. 
Another way to achieve electrical conductivity in polymers is based on electrically 
conductive fillers, i.e. polymer composites. Electrically conductive agents that transform 
insulating character of polymers into conductive one can be:  
- Metal particles, fibers, wires, flakes;  
- Metal coated polymer pellets, powders, fibers;  
- Carbon fibers, metal coated glass fibers, etc [77-78].  
Metals can be applied to a polymer either as a coating, e.g., by liquid flame spraying, 
multiphoton absorption metallization, chemical vapor deposition, vacuum deposition or 
incorporated into a polymer matrix by blending e.g., electroless plated glass or polymer seeds 
as wires or metallized fibers [23, 78-85] . Out of previously mentioned methods, electroless 
plating is one of the long-standing techniques applied in metal coatings and metal finishing.  
Polyacetylene (PA)   
Polypyrrole (PPy) 
Polythiophenes (PT) 
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Electroless plating refers to reducing metal ions to metal atoms by electron donating reducing 
agents, not through an external source of current [85]. The electroless plating is often applied 
in coating of metal surfaces, but its main benefit is to cover non-conducting substances such 
as polymers, ceramics and glass with metal layers. In electroless plating both metal ions and 
reducing substances are introduced in the plating solution in such a way that direct metal 
reduction is suppressed. The reactions proceed first on metallic nuclei and later on the 
growing metal layer: reduction (cathodic reaction) adds metal atoms to the layer and the 
generated positive charge is compensated by the oxidation of reducing agent (anodic 
reaction) at the same nuclei or metal island. As a rule, the polymer should be pretreated in 
order to improve the adhesion of metal and to introduce nucleation centra. Usually the 
pretreatment includes “activation” of the polymer surface by immersing in SnCl2 or PdCl2 
solutions. The speed of the process and the quality of the resulting plating is determined by 
bath composition, catalytic activity of the nuclei and formed plating, temperature and 
pretreatment of the surface.  
Depending on the target application, metal-integrated polymer material can be manufactured 
with isotropic or anisotropic electrical conductivity. Most popular isotropic electroconductive 
polymeric materials are conductive adhesives which are widely used in electronics. Isotropic 
conductive adhesives are often called “polymer solders”. They are developed in order to 
replace metal solders that require heating for application and cause health and environmental 
issues. In the isotropic adhesives, electroconductive fillers are distributed homogenously and 
mostly used filler is silver that can be in various forms such as spheres, flakes, granules and 
fibers [86]. In contrast, anisotropic conductive adhesives/films (ACA/ACF) are produced to 
contain randomly or regularly dispersed, lower volume fraction of conductive fillers. Such 
distribution of fillers fulfill a proper function of interconnects in electronics. The fine pitch 
capability (<40-μm pitch), low-temperature processing, low cost and low-toxic components 
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make ACAs strong competent as lead-free interconnects in microelectronics packaging 
application [87]. Nowadays, on the global market 90% of all ACFs are used as films for flat 
panel displays. Flip-chip-on-glass, smart cards and flip-chip-boards are also designed for 
anisotropic electroconductive adhesives, when soldering cannot be applied because of the 
thermal sensitivity of substrates.  
Many publications were devoted to studying polymer crazing phenomenon. Majority of the 
literature is about the prevention from polymer crazing except Volynskii’s group who 
employs crazing as an initial stage to produce polymer composite materials. The group is 
mainly interested in the possibility of producing maximal and uniform porosity throughout 
the polymer volume.  But this thesis dealt with creating localized porous areas in polymer 
fibers that are sandwiched between non-crazed bulk polymer areas. Although producing of 
such arrays of crazes is quite a challenging task due to very complicated mechanisms of 
crazing influenced by variety of factors, such structure can be used for obtaining of some 
practical polymer composites, in particular, anisotropically electroconductive fibers.  
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Chapter 2 
Solvent crazing- Possibility of producing microporous polymers 
2.1 INTRODUCTION 
There are both “top-down” and “bottom-up” approaches to create porous polymeric materials, 
as well as a combination thereof [1]. Depending on the application, the materials can be 
obtained directly by chemical processes or by physical processing of preformed materials. 
Latter comprised a variety of approaches such as foaming, thermally induced phase separation 
and mechanical techniques [1, 2, 3]. Foaming techniques involve gases, solvents or 
supercritical fluids as porogenes. Thermally induced phase separation can be gelation, 
crystallization, spinodal decomposition or their combinations. The two techniques mainly 
focus on obtaining of a homogenously distributed porosity within the polymer volume. In 
contrary, an inhomogenous distribution of pores can be achieved by a mechanical technique 
named solvent crazing [3].  
The crazing process is mainly considered to be a fracture initiation mechanism that can be 
favourable to change the brittle failure into ductile one [4-7].  If the process is deliberately 
conducted under special conditions, it can also be employed to obtain up to 60 % porosity in 
polymeric materials without their macroscopic destruction [8]. According to Volynskii A.L, 
Bakeev N.F and co-workers, pores that are produced mechanically within a polymer can be 
isometric or anisometric dependent on the processing parameters and can be interconnected 
[3]. The porosity obtained by solvent crazing strongly depends on the ability of the active 
liquid to lower the surface energy of polymer, viscosity of the liquid (which determines the 
rate of the liquid delivery into the growing crazes), strain and strain rate, polymer crystallinity 
and cross sectional dimensions, as well as on the difference between the process temperature 
and the polymer glass transition temperature. Various studies on solvent crazing technique in 
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producing porous polymeric materials and polymer composites were performed [9-15], but 
were mainly targeted at maximising the porosity and improvement of its homogeneity.  This 
work deals with the possibility of developing localized porous areas well separated by non 
crazed bulk polymer areas. Creating micropores that are locally developed within a polymer 
matrix is a very complicated, challenging task. In this chapter, a technology for obtaining 
anisotropic porosity within PET polymer fibers is discussed. 
2. 2 EXPERIMENTAL 
2.2.1 Materials  
PET monofilament with diameter of 1.2 mm, ~25% degree of crystallinity was obtained from 
Monofil-Technik GmbH (Hennef/Sieg, Germany). 1-Propanol was obtained from Merck 
(Germany).  
2.2.2 Preparation 
Zwick 1425 tensile-testing machine (Zwick GmbH & Co. KG, Germany) was customized for 
solvent crazing [Fig 1].  
 
 
 
 
 
 
 
 
 
 
FIGURE 1. Set-up for solvent crazing 
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The solvent crazing compartment was made of a glass tube with an internal diameter of 16 
mm and length of 400 mm, which permits to work with liquid volume of about 50 mL. 
Liquids were fed into the bath with syringes. 8 filaments with 5 cm initial length were 
processed simultaneously. The fibers were stretched with two different rates (1 mm/min and 
20 mm/min) to final strains of 50, 100 and 200%. The maximum rate of 20mm/min still 
permits the fibers to resist the stress.  Crazing medium was 1-Propanol. All experiments were 
carried out at room temperature. After stretching, the fibers were dried in a two different 
ways: either under load or after relief of the stress. Conditions of preparing the fibres 
according to the parameters, e.g., strain, strain rate and drying states are described in Table 1. 
The samples are specified in accordance with the parameters.  
TABLE 1.  Conditions of crazed PET fibers regarding to the selected parameters 
Strain 
Rate 1mm/min Rate 20mm/min 
Dried under load Dried in a loose 
state 
Dried under load Dried in a loose state 
50% A1 A2 A3 A4 
100% B1 B2 B3 B4 
200% C1 C2 C3 C4 
 
2.2.3 Characterization 
Characterization of the craze structure was performed on the fibres’ cross section by 
embedding the fibers into epoxy resin and cut by a microtome using a diamond knife Diatome 
35° along the direction of the fibres’ axis. SU-9000 and S-4500 scanning electron 
microscopes (Hitachi) were used to reveal the morphology of crazed fibers.  
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2.3 RESULTS AND DISCUSSION 
Images presented below in Fig 2 are the stretched fibers that developed crazes. Transparent 
regions are non crazed areas and opaque regions are crazed zones. The fibers were embedded 
and cut by microtome in order to investigate the craze structure closely. 
 
 
 
 
 
 
FIGURE 2. Optical image of the crazed PET fibers 
A typical image of crazed fiber microtomed longitudinally is given in Fig 3. 
 
FIGURE 3. Sample A1. Rate 1mm/min, Strain 50%, dried under load  
As it’s seen, the fiber has developed bright regions oriented perpendicular to the fiber axis, i.e. 
stretching direction. These regions are crazes containing pores. It can also be seen that the 
crazes are different by their width. Some crazes have formed bands of bright lines in which a 
lateral contraction of the fiber took place. Other crazes stay isolated and are barely seen.   
The lateral contraction is quite typical for crazed fibers: when the surface active liquid is 
removed, the surface tension of the polymer rises and the system tends to reduce its surface 
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area by coagulating craze fibrils causing axial and radial shrinkage. The axial shrinkage can 
be suppressed by keeping the sample under tension while drying. In this case the radial 
shrinkage is more pronounced. Since crazing is accomplished by the locally increased 
temperature, adjacent areas soften and deform at lower stresses [16].  Hence new crazes are 
preferentially nucleated aside growing crazes [16], the formation of bands of crazes were 
resulted [Fig 3]. The crazes that are initiated first propagate faster than the later initiated 
crazes and experience more elongation than newly formed crazes [9]. When the strain and 
stress are beyond the values at which craze fibrils can bear the load, the fibrils start to break 
[16]. The breakdown of fibrils leads to the formation of cracks. In the later developed crazes 
only fibril coagulation takes place. An illustrative image of such crazes is shown in Fig 4. 
Pore sizes of small crazes that are found in fine lines are in the range of 150nm to 900nm, 
while in the crack formed areas the sizes reach to 1-5 µm. 
 
 
 
 
 
 
 
FIGURE 4. Sample A1. Red arrow- Stress direction, Rate 1mm/min, Strain 50%, dried 
under load. 
Sample A2 in Fig.5 depicts the same fiber as Fig.4 studied at the same rate and to the same 
strain, but dried in a stress-free state [Fig 5]. Generally the silhouette of A2 is similar to that 
of A1 dried under load. But there is hardly any evidence of open pores and no cracks are 
observed. Bright dots are an indication of porosity. Obviously, the crazes "closed" upon 
drying in a load-free state. Since there was no force to keep the craze boundaries separated, 
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with the removal of active liquid the craze fibrils coagulated and axially shrunk, as the 
boundaries were pulled together. Red arrow indicates the stress direction. 
 
FIGURE 5. Sample A2. Rate 1mm/min, strain 50%, dried in a loose state. 
There are slight appearances of necks that are resulted from the radial shrinkage of the fiber. It 
must be noted that some craze fibril coagulation was observed in the previous sample as well. 
A close look to areas that exhibit appearance of pores revealed [Fig 6].  
 
 
 
 
 
 
FIGURE 6. Sample A2. Red arrow- Stress direction, Rate 1mm/min, Strain 50%, dried 
in a loose state. 
Pores of 500nm to 5 µm in size that are considered to be microcracks developed from craze 
fibril breakdown.  
Fibres of sample A3 were drawn to the same elongation of 50% but with a higher rate of 
20mm/min. The sample was dried under load [Fig. 7]. 
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FIGURE 7. Sample A3. Red arrow- Stress direction, Rate 20 mm/min, Strain 50%, 
dried under load. 
In addition to crazes, shear band formation is observed. Shear bands are formed mostly at an 
angle of ~45° to the fiber axis. As it has been stated in [3, 16, 17], shear yielding and crazing 
can occur in the same sample and both are rate dependent. In [3] it has been explained that 
“polymer deformation proceeds via craze propagation through a homogeneous and elastically 
stressed polymer. However, once the yield point is attained plastic deformation of the fiber 
core proceeds via development of shear bands and their microvoids”. As shear yielding and 
crazing processes compete with the loading rate [16, 17], the most dominating process 
controls if the polymer fails either by brittle or ductile deformation. As it can be seen in 
Figure 6, single or multiple bands initiate at craze tips. Similarly, shear band development is 
considered in [18] in vicinity of a crack tip:  the angle formed by the shear bands depends on 
the combination of intrinsic softening and strain hardening processes around the crack tip. 
When the intrinsic softening dominates over the strain hardening, multiple shear bands form 
an angle bigger than 90 . If the strain hardening is stronger than the intrinsic softening, single 
shear bands form at the angle somewhat less than 90 .  For sample A3, softening and 
hardening processes occurred equally so that plastic relaxation is localized in single shear 
bands like in ref [18]. It is clearly seen that the density of crazes (number of crazes counted 
per unit length of the fiber) is high and that the diameter of the fiber remains uniform.  
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Fig.8 depicts the enlarged areas of the crazes of sample A3 [Fig 8].  
 
 
 
 
 
 
 
 
 
 
FIGURE 8. Sample A3. Red arrow- Stress direction, Rate 20 mm/min, Strain 50%, 
dried under load. 
In general, the craze morphology is quite similar to that of sample A1. Open pores are formed 
in slightly necked regions. As it’s seen in Fig 8b, the pores are “sponge” like and are located 
between thickened fibrils. The size of pores is in the range of 220nm to 2µm. In addition to 
the porosity developed in crazed regions, shear bands have been found to contain pores too. 
An image of shear bands containing pores is given in Fig 9. There are pores developed along 
the shear bands. As soon as a yield stress is reached in the core of the fiber whose periphery 
was weakened by growing crazes, the deformation process continued by shear yielding. 
Appearance of shear bands developed in the sample A3 is consistent with the report discussed 
in [3]. 
 
b) 
a) 
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FIGURE 9. Sample A3. Red arrow- Stress direction, Rate 20 mm/min, Strain 50%, 
dried under load. 
Shear bands form as a result of localized material softening right after yield and subsequent 
material hardening caused by molecular orientation. As the craze tip propagates, intrinsically 
softened areas are formed around the tip and the macromolecular chains orient parallel to the 
stress direction. [17]. Claims that shear bands do not develop porosity [19] contradict the 
results presented in [3] and the results obtained in this research too. So far there is no 
consensus on shear yielding mechanism accompanied by crazing that takes place in polymeric 
materials. But according to the results obtained in this work, shear bands develop porosity.  
Sample A4 represents a fiber that was stretched to 50% strain at 20mm/min rate and dried 
also stress relief. A typical image is shown in Fig 10.  
 
 
b) 
a) 
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FIGURE 10. Sample A4. Red arrow- Stress direction, Rate 20 mm/min, Strain 50%, 
dried in a loose state. 
In this image, one can hardly see any sign of pores and even bright fine lines corresponding to 
crazes are not seen. It seems that 50% strain did not create wide open crazes and since the 
fiber was dried without stress the crazes closed up completely. Higher magnification image 
reveals some vague creases but no porous structure. Comparison to A2 which was stretched at 
1mm/min rate and dried under the same conditions, it indicates that the crazes collapsed 
completely. The comparison shows that the rate of stretching is an important parameter to 
control crazing. The higher the strain rate the denser the crazes. Denser the craze nucleation, 
the stress distributed within the polymer is more homogenous. Denser crazes means also that 
for a given strain, the individual crazes get less expanded, in turn leading to a less craze 
collapse. Sample A4 did not show shear bands. Either shear bands did not form or the liquid-
filled porous structure in shear bands collapsed in the same manner as the crazes.   
b) 
a) 
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The effect of the strain rate on craze nucleation becomes clearer in sample B1. Sample B1 
represents a fiber that was stretched to 100% elongation at 1mm/min and dried under load 
[Fig 11].  
 
 
 
 
 
 
 
 
FIGURE 11. Sample B1. Red arrow- Stress direction, Rate 1mm/min, Strain 100%, 
dried under load. 
Two distinct areas developed: a) strong necks with crazes,  b) extended segments that were 
not deformed at all. This observation is in accordance with the study of craze density 
dependence on the strain rate reported before in [3]. For sample B1 the conditions were the 
same as for sample A1, except the higher strain of 100%. In the case of sample A1 there was 
no severe necking that has been found for B1. One can conclude that 100% elongation 
provides widening of crazes, longer fibrils, bigger fraction of fibrillated material and therefore 
bigger radial shrinkage as the fibrils coagulate. A higher magnification of the necked area is 
presented in Fig 11b. Traces of coagulated craze fibrils are seen. There are also some areas 
that are perforated by pores (see Fig.12).  
 
b) 
a) 
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FIGURE 12. Sample B1. Red arrow- Stress direction, Rate 1mm/min, Strain 100%, 
dried under load. 
 
It is seen that the fiber has experienced radial shrinkage leaving some open pores. Such 
shrinkage of craze structure is discussed above in the case of sample A1. Sizes of cavities are 
in the range of 1-3 µm. Within the porous area, the craze structure can be seen in detail as 
depicted in Fig.13.  
 
 
 
 
FIGURE 13. Sample B1. Red arrow- Stress direction, Rate 1mm/min, Strain 100%, 
dried under load. 
Obviously, the cavity seen in the figure formed as a microcrack. There are no fine craze fibrils 
within the cavity, except the two bridging strings that are supposedly coagulated fibrils. The 
dimension of the microcracks is 2.5-12 µm in width and up to 10µm in length. It maybe 
concluded that some fibrils have survived the stress and strain and got coagulated upon 
removal of the active liquid.  
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Sample B2 was also stretched to 100% at 1mm/min rate, but dried without an applied stress 
[Fig 14]. 
 
 
 
 
 
 
 
 
 
 
FIGURE 14.  Sample B2. Red arrow- Stress direction, Rate 1mm/min, Strain 100%, 
dried in a loose state, top: large area over necks, bottom: enlarged area with micropores 
 
Not only an axial, but also a substantial radial shrinkage is observed. Quite many open pores 
are present in the crazed areas. The edges of necks contain the widest pores. These areas 
interface crazed zones or the little strained bulk polymer. In the adjacent necked areas the 
macromolecular chains are highly oriented and fibrils are coagulated, which explains the 
reduced fiber diameter. In Figure 14b, a higher magnification image of a cavitation in the 
crazed area is shown. Within the wide open cavities, coagulated craze fibrils are seen. The 
cavities seem to be microcracks because no craze fibrils spanning the pores are found. Cracks 
are formed by highly localized stress and strain on the crazes as discussed earlier for similar 
morphologies. The craze fibrils break forming the cavities, and there is very little driving 
force to close the latter. A higher magnification image of the cavity is shown in Fig 15.   
b) 
a) 
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FIGURE 15. Sample B2. Red arrow- Stress direction, Rate 1mm/min, Strain 100%, 
dried in a loose state. 
Here an interesting morphology is seen. Firstly, there is a microcrack that is edged at one side 
by a very few, survival craze fibrils. Secondly, beneath this microcrack there is a layer that 
has holes in it. The holes are different in size and small ones look like about to develop, some 
are quite elongated. Sizes of cavities are in the range of 2-6 µm in width and up to 500 µm in 
length.  
Fig.16 shows a scanning electron micrograph of sample B3 that has been drawn to 100% at 
20mm/min and dried under load [Fig 16]. Craze development in this sample is to be compared 
to that of sample A3 which has been obtained by 50% elongation at 20mm/min and dried 
under load.  
 
 
 
 
FIGURE 16. Sample B3. Red arrow- Stress direction, Rate 20 mm/min, Strain 100%, 
dried under load.  
As it was expected, 20mm/min rate produced dense crazing that was also observed in sample 
A3. There are two characteristic features to be reported for sample B3. Firstly, the fiber did 
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not develop shear bands like the sample A3. For sample A3 crazes were found in the region 
near the fiber surface not propagating into the polymer core.  But as it’s seen in the figure, 
sample B3 has developed crazes across the entire fiber diameter. Secondly, bright dots are 
located within crease-like areas. These dots are microcracks and the creases are healed crazes. 
It can be seen that these microcracks are also found in shallow necks.  Detected microcracks 
are in size of 1 µm to 2 µm in width and up to 10 µm in length.   
Fig 17 shows a scanning electron micrograph of sample B4 which was stretched to 100% at 
20mm/min and dried after stress relief. Red arrow indicates the stress direction. 
 
 
 
 
 
 
FIGURE 17. Sample B4. Red arrow- Stress direction, Rate 20 mm/min, Strain 100%, 
dried in a loose state. 
The sample is to be compared with sample A4 that was stretched at the same rate, dried under 
same condition but to lower strain of 50%.  Sample A4 did not reveal any open crazes and 
cavities. But B4 looks quite different from A4. It seems that 100% strain is already high 
enough for craze survival and caused necking. The necked areas are full of traces of crazes. 
However, compared to B3 barely any cavity was preserved due to a load free drying.  
The last series of samples comprise C1 –C4. Sample C1 was stretched to 200% at 1mm/min 
and dried under load. SEM images of the fiber are shown in Fig 18.  
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FIGURE 18. Sample C1. Red arrow- Stress direction, Rate 1 mm/min, Strain 200%, 
dried under load. 
Figure 18a shows that the fiber has developed very distinct necked and non necked areas. As 
it was discussed above, slow rate promotes well separated crazed and non crazed areas. 
Samples A1 and B1 were stretched at the same speed and dried under load but different in 
their drawing ratio. The main similarities shared by the samples are vigorously developed 
necks and open pores spanned craze fibers. In Fig 18b, a typical craze structure is well seen. 
Fine fibrils spanning porous structure and some microcracks are visible. Crazed areas were 
further examined with higher magnification [Fig 19]. 
 
 
 
 
 
FIGURE 19. Sample C1. Red arrow- Stress direction, Rate 1 mm/min, Strain 200%, 
dried under load. 
b) 
a) 
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Here, some highly stretched fibrils are well seen. The pores are in the range of 10 to 30 µm in 
length and 5 to 12 µm in width. The fiber has developed some narrow crazes too. For the 
micropores formed in the region of crazing, an important detail can be seen in Fig 20. 
 
FIGURE 20. Sample C1. Red arrow- Stress direction, Rate 1 mm/min, Strain 200% 
The craze fibrils look like as drawn from a viscoelastic fluid which is in consistent with the 
meniscus instability model.  
Fig.21 shows SE-micrograph of sample C2 which has been stretched to 200% at 1mm/min 
rate and dried after stress relief. 
 
 
 
 
 
 
FIGURE 21. Sample C2 Red arrow- Stress direction, Rate 1 mm/min, Strain 200%, 
dried in a loose state. 
The general profile of the fiber is similar to that of C1. But crazes are much tinier. Because 
the fiber was released from the load and dried in a loose state, the stress relaxation should lead 
to shrinkage along the fiber axis. However, radial shrinkage seems to proceed much faster 
a) b) 
48 
 
than axial shrinkage. Radial shrinkage is explained by coagulation of the fibrils (which is 
easier for longer fibrils having bigger lateral mobility) and axial shrinkage involves slow 
relaxation of stretching-oriented macromolecules. Pore collapse on radial shrinkage reduces 
dramatically the total surface energy and therefore nearly eliminates the axial component of 
surface tension as well. Except a series of small cavities aligned at the boundaries of the necks 
there are no big microcracks  (Fig 21b). Fig. 22 shows the morphology of crazed areas at 
higher magnification.  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 22. Sample C2. Red arrow- Stress direction, Rate 1 mm/min, Strain 200%, 
dried under a loose state. 
 
In Figure 22a, microcracks and some coagulated fibrils are seen. The size of cavities is in the 
range of up to 2 µm in width and 20 µm in length.  
Fig. 23 depicts the micrograph of sample C3 that has been stretched to 200% at 20mm/min 
and dried under load. 
b) 
a) 
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FIGURE 23. Sample C3. Red arrow- Stress direction, Rate 20 mm/min, Strain 200%, 
dried under load. 
This sample was stretched at the same speed and dried under load as sample A3 and B3. 
Sample A3 developed shear bands and so did C3.  The shear bands are located in the fiber 
core starting from craze tips. There are also crazed areas containing microcracks (bright dots).  
This phenomenon was observed in sample A3 too. Cavities in the crazed areas are 200 nm to 
2 µm in size. Closer images of shear bands are shown in Fig 24.  
 
 
 
 
 
 
FIGURE 24. Sample C3. Red arrow- Stress direction, Rate 20 mm/min, Strain 200%, 
dried under load. 
 
The size of pores formed by shear bands is in the range of 220 nm in width and up to 3 µm in 
length. Shear bands intersect at some regions. In contradiction to these observations, it is 
usually assumed (e.g. [20]) that shear bands differ from crazes by containing no pores. In 
references [16, 24] a plasticity enhancement near the craze tip was considered to be one of 
main reasons for the development of shear bands.   
50 
 
As a last variation, the fibers were stretched to 200% at 20mm/min and dried without 
applying the macroscopic stress (sample C4, Fig. 25). Sample C4 can be compared with A4 
and B4 according to their drying conditions and strain rates. Sample A4 and sample B4 
revealed no open cavities. In both cases, there was no distinct boundary between crazed and 
non crazed bulk polymer areas. Dense crazes spread through the polymer volume. No shear 
bands developed either. Thus, the explanation taken for sample B4 seems to hold also for 
sample A4.  
 
 
 
 
 
FIGURE 25. Sample C4. Red arrow- Stress direction, Rate 20 mm/min, Strain 200%, 
dried in a loose state. 
 
For sample C4, some cavities but no open crazes were observed. Although crazes collapsed, it 
can be observed that crazes were dense and the entire fiber got involved in crazing. As it was 
the case for sample A4 and B4, shear bands are highly expected in the sample C4 due to the 
high strain rate. Thus those visible cavities are supposedly left from shear banding. This 
explanation is consistent with the fact that cavities are found in the core of the fiber where 
shear bands preferably take place. The size of the cavities is up to 150nm in width and 2 µm 
in length.  
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CONCLUSIONS 
The study was aimed at determining the conditions of stretching that produce crazes within 
localized segments along the fiber whereby the crazes should span the whole fiber cross 
section. Hence the procedure should be optimized to yield a sequence of porous and bulk 
polymer segments along the fiber axis. The strain rate was identified to be the parameter with 
the highest impact to obtain such structure. The crazes were relatively small at this stage and 
with increased rate at 20 mm/min, the crazes grew bigger and even transformed into 
microcracks that were still well separated by bulk polymer. High strain rates developed shear 
bands in the fiber core and crazes formed only near the fiber surface and continuously along 
the fiber.   
Drying conditions and strain have been found also important. Isometric drying condition 
assisted to keep the craze structure as wide as possible. Low strain (50%) did not open crazes 
wide enough while high strain (100%-200%) yielded microcracks and even in some intact 
crazes were observed. Maximum sizes of crazes were in the range up to 5 µm. In contrast, 
microcracks could develop sizes up to 500 µm. They were localized and did not affect the 
fiber integrity. In the following chapter based on the optimized condition of crazing, we will 
explore the possibility to metallize polymer fibers only in selected areas so that the fibers 
would be equipped with metal rings.  
 
 
 
 
 
 
52 
 
REFERENCES 
1. Silverstein M.S., Cameron N.R., Hillmyer M.A Porous polymers. 2011, John Wiley & 
Sons. Inc 
2. Hentze H.P., Antonietti M. “Porous polymers and resins for biotechnological and 
biomedical applications“ Reviews in Molecular Biotechnology, 2002, 90, 27-53 
3. Volynskii A.L., Bakeev N.F. “Solvent crazing of polymers” 1995, Berlin 
4. Bucknall C.B., Smith R.R. “Stress-whitening in high-impact polystyrenes” Polymer, 
1965, Vol 6, №8, 437–446. 
5. Bucknall C.B. “Toughened plastics”, Applied science publishers, 1977, London 
6. Bucknall C.B. “Rubber toughening”, The physics of glassy polymers, 2nd 
edit,Chapman & Hall, 1997, London, 363, (Chapter 8)   
7. Socrate S., Boyce M.C., Lazzeri A. “A micromechanical model for multiple crazing in 
high impact polystyrene”, Mechanics of materials, 33, 2001, 155-175. 
8. Yarysheva L. M., Rukhlya E. G., Yarysheva A. Yu., Volynskii A. L., Bakeev N. 
F.”Crazing as a Method for Preparation of Polymer Blends” Review Journal of 
Chemistry, 2012, Vol. 2, №1, 1–19. 
9. Volynskii A.L., Bakeev N.F., Kulebyakina A. I., Panchuk D. A etc “Structural 
Approach to the Study of Deformation Mechanism of Amorphous Polymers” Polymer 
Science, Ser. A, 2007, Vol. 49, №12, 1265–1283 
10. Arzhakova O.V., Dolgova A.A., Yarysheva L.M., Volynskii A.L., Bakeev N.F. 
“Development of a Stable Open Porous Structure in the Solvent Crazed High Density 
Polyethylene” Inorganic Materials: Applied Research, 2011, Vol. 2, №5,  493–498. 
11. Volynskii A.L., Bakeev N.F., Kulebyakina A. I., Panchuk D. A etc “Structural 
Approach to the Study of Deformation Mechanism of Amorphous Polymers” Polymer 
Science, Ser. A, 2007, Vol. 49, №12, 1265–1283 
12. Arzhakova O. V, Dolgova A. A., Chernov I. V., Yarysheva L. M., Volynskii A. L., 
Bakeev N. F. “The Effect of Preliminary Orientation of Polymers via Tensile Drawing 
53 
 
at Elevated Temperature on Solvent Crazing” Polymer Science, Ser. A, 2007, Vol. 49, 
№8, 903–908. 
13. L. I. Kravets L.I., Gil’man A. B., Yablokov M. Yu.”Preparation of Metal–Polymer 
Composite Membranes with Conductance Asymmetry” Petroleum Chemistry, 2011, 
Vol. 51, №8, 634–643. 
14. Yarysheva L. M., Rukhlya E. G., Yarysheva A. Yu., Volynskii A. L., Bakeev N. 
F.”Crazing as a Method for Preparation of Polymer Blends” Review Journal of 
Chemistry, 2012, Vol. 2, №1, 1–19. 
15. Trofimchuk E. S., Nikonorova N. I., Nesterova E. A., Muzafarov A. M., Meshkov I. 
B., Volynskii A. L., Bakeev N. F.”,Preparing Film Composites Based on Crazed 
Polymers and Silica Sol Nanoparticles” Nanotechnologies in Russia, 2009, Vol. 4, № 
9–10, . 736–740 
16. Ectevez R., Giessen van der., E. “Modeling and computational analysis of fracture of 
glassy polymers” Advances in Polymer Science, 2005, 188: 195–234. 
17. Estevez. R., Tijssens. M.G.A., Giessen. van der E. “Modeling of the competition 
between shear yielding and crazing in glassy polymers”, Journal of the Mechanics and 
Physics of Solids, 2000, 48, 2585–2617 
18. Lai J., Giessen van D., “A numerical study of crack-tip plasticity in glassy polymers” 
Mechanics of materials, 25, 1997, 183-197. 
19. Deblieck R.A.C., Beek van D.J.M., Remerie Klaas, Ward Ian M. “Failure mechanisms 
in polyolefines: The role of crazing, shear yielding and the entanglement network”  
Polymer, 52, 2011 2979-2990. 
20. Argon, A.S., Hannoosh, J.G. “Initiation of crazes in polystyrene” Philosophical. 
Magazine, 1977, 36, 1195-1216. 
21. Lauterwasser B.D., Kramer E.J. “Microscopic mechanism and mechanics of craze 
growth and fracture” Philosophical Magazine A, 1979, 39:4, 469-495 
54 
 
22. Bazhenov S.L., Kechek’yan A.S “Heating of polymers during neck propagation” 
Polymer Science Series A, 2013, Vol 55, № 6, 404-414  
23. Estevez R.,Tijssens M.G.A., Giessen E., “Modeling of the competition between shear 
yielding and crazing in glassy polymers” Journal of the Mechanics and Physics of 
Solids,2000, 48, 2585–2617 
 
 
 
55 
 
Chapter 3 
SILVER ELECTROLESS PLATING OF CRAZED POLYMER FIBERS 
3.1 INTRODUCTION 
Electroconductive polymers promise lower cost, light weight and to be more flexible in 
design and may save resources in specific applications [1-5]. Based on the progress in this 
field the application of polymeric electroconductive materials has grown enormously. The 
materials are used in automotive industries, electronics, electrostatic discharge protection 
(ESD), electromagnetic interference shielding (EMI) and etc [6-12]. Anisotropic 
electroconductive polymers play an important role in the field. Such polymers can be obtained 
by several different techniques [1, 9-19]. In this study, site selective electroless plating 
method is used to obtain anisotropic electroconductive PET filaments. The practice of metal 
plating of polymeric surfaces and site selective electroless plating of non conductive 
polymeric materials using different techniques was reported in [20-25]. In general, electroless 
plating is a widely used, well studied method to incorporate metals into target substrates; 
metal deposition is performed not by applying electric current from an external source, but 
using reduction-oxidation chemical reactions [26]. According to [26] as early as in the middle 
of nineteenth century, electroless plating was applied to produce mirrors by depositing silver 
on glasses. Silver electroless plating technique has 2 stages consisting of a surface 
pretreatment process and the plating reaction [26]. In the pretreatment process, mainly  
is used in order to improve the metal adhesion into the surface which is called a sensitizing 
stage. Depending on the surface to be metal coated,  ions can be bound either chemically 
or physically to the surface [26]. In this study, porous structure of crazes served as sites to 
mechanically improve the metal adhesion. PET fibers were crazed in a solution of  in 2-
propanol. It was expected that,  ions are introduced into the craze structure as soon as the 
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crazes started to form. Secondly, those ions were supposed to “sensitize“ only the crazed 
areas so that the fibers were not entirely but selectively plated. The process taking place in the 
crazes is described in Fig 1. 
 
 
 
 
 
FIGURE 1. PET fibers crazed in SnCl4  solution 
 
The next step was to immerse the substrate in the silver plating bath. Elemental silver was to 
be formed by a redox reaction in which  ions oxidized to  and  ions were 
reduced to elemental silver [26]. In the case of crazed PET fibers containing  ions, site 
selective depositions were expected to take place only in the crazed areas. The process is 
illustrated in Fig.2 
 
 
 
 
 
 
FIGURE 2. Site selective silver deposition onto the crazed and locally sensitized PET 
fibers 
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3.2 EXPERIMENTAL 
3.2.1 Materials. PET monofilament with diameter of 1.2 mm, ~25% degree of crystallinity 
was obtained from Monofil-Technik GmbH (Hennef/Sieg, Germany). 2-propanol was 
obtained from Merck (Germany); silver nitrate, tin (II) chloride, sodium hydroxide, 
ammonium hydroxide and formaldehyde were obtained from Sigma-Aldrich (Germany) 
Corporation and used as received.  
3.2.2 Preparation.  First, trial experiments were carried out in order to optimize the following 
conditions:  
1) Obtaining sequence of crazed zones isolated by bulk polymer and of which porosity is open 
to the site selective metal deposition [Chapter 2]. 
2) Finding out the optimum composition of electroless plating bath that governs the plating 
rate, adherence quality and thickness of the metal coating.  
Zwick 1425 tensile-testing machine (Zwick GmbH & Co. KG, Germany) customized for 
solvent crazing was used [Fig. 3] 
 
 
 
 
 
 
FIGURE 3. Set-up for solvent crazing/ electroless plating 
The solvent crazing “bath” was made of a glass tube with an internal diameter of 16 mm and 
it can contain up to 50 ml liquid. The bath has an inlet connected to a syringe by a plastic 
tube. Liquids were replaced by means of syringes. Typically 8 filaments with 5 cm initial 
length (i.e.the length between clamps) were taken. In general, the fibers were stretched 
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subsequently at two different rates to 100%, 200% and 400% strain that followed by silver 
electroless deposition process. Experiments on the electroless deposition can be divided in 
sections. First section belongs to the initial trials intended to find out an optimum condition. 
In the second part experiments carried out according the optimum procedure settled from the 
initial trials.  
3.2.2.1 Initial trials on finding the optimum condition of silver electroless deposition  
Fibers were stretched in 1-propanol prior to metallization. After stretching, a silver electroless 
plating bath was applied. When the fibers were stretched in 2-propanol containing 0.2wt% tin 
(II) chloride, the solution was served both as surface active liquid and to deposit the 
sensitizing agent for silver electroless deposition. Initially all fibers were stretched to 30% 
strain at a rate of 1 mm/min. Then the rate was increased to 20 mm/min to effect the chosen 
maximum strain. The procedures are described in the following charts including fibers’ 
electroconductivity character [Flow Charts 1, 2, 3, 4].  
 
 
 
 
 
 
 
 
 
 
 
Flow Chart 1.  The procedure of PET fibers metallization preceded by solvent crazing 
Electroless deposition was attempted with fibers that were created in the presence of  
and without  in the crazing solvent. The resistance of the metallized fibres was 
Solvent crazing in 1-propanol 
37% aq.formaldehyde as 
reducing agent 
 
(immediate formation of shiny 
silver layer) 
 
Fibers are conductive 
Strain 100%  Strain 200%  Strain 400%  
Crazed fibers immersed in 
Tollens' reagent 
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performed by 4-wire resistance measurement. Results and corresponding images are given in 
the Results and Discussion section. The adherence of the metal coating was not sufficient for 
fibers crazed in pure 1-propanol.  
For the sensitizing or surface activation with tin (II) chloride, the agent was dissolved in 2-
propanol. This way it was attempted to introduce  selectively into the crazes and  to 
improve its the physical incorporation. The concentration of tin (II) chloride was 10g/l and the 
fibers were stretched to 100% elongation at different rates by the steps mentioned previously. 
After stretching the stress was released from the strain and silver electroless plating bath was 
applied. The procedure is described in Flow Chart 2.  
 
 
 
 
 
 
 
 
 
 
Flow Chart 2.  The procedure of PET fibers sensitized in the stage of crazing and 
metallized 
The initial metal deposition tended to take place all over the fibers not only in crazed areas. 
Thus rinsing stages with appropriate liquids were included after each exposure to metal salt 
solutions. The procedure is described in Flow chart 3. All components and procedures are the 
same like the one specified in the Flow Chart 2.  
Solvent crazing in SnCl
2
 dissolved in 2-propanol 
and stretched to 100% elongation 
The fibers were released from the strain 
37% aq.formaldehyde as reducing agent 
(immediate formation of shiny silver layer) 
Crazed fibers immersed in Tollens' reagent 
Fibers are conductive 
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Flow Chart 3.  The procedure of PET fibers sensitized in the stage of crazing and 
metallized, rinsing stages were included 
As a next trial, the concentration of tin (II) chloride was reduced to 0.2g/l and rinsing stages 
were omitted assuming these stages washed away the sensitizing agent. Strain was 100% and 
stretching was carried as it was in previous cases. The procedure is described in Flow Chart 4. 
 
 
 
 
 
 
 
 
 
Flow Chart 4.  The procedure of PET fibers sensitized in the stage of crazing with 
reduced conc. of tin (II) chloride and metallized. 
Solvent crazing in 10g/l SnCl
2
 dissolved in 2-
propanol and stretched to 100% elongation 
The fibers were released from the strain 
37% aq. formaldehyde as reducing agent 
(black coloured fibers) 
rinsed with 2-propanol 
rinsed with water 
Crazed fibers immersed in Tollens' reagent 
Non conductive 
 
Solvent crazing in 0.2g/l SnCl
2
 dissolved in 2-
propanol and stretched to 100% elongation 
The fibers were released from the strain 
37% aq. formaldehyde as reducing agent 
(black colored fibers) 
Crazed fibers immersed in Tollens' reagent 
Non conductive 
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This procedure resulted in non conductive fibers.  
3.2.2.2 Main experiments based on the optimum conditions  
The PET fibers were stretched to respective elongations at the different rates as elaborated 
above. Then the fibers were kept immersed in the stretched state for 60 minutes in tin (II) 
chloride dissolved in 2-propanol. After 60 minutes the solution was removed by a syringe and 
the glass tube was flushed with 2-propanol two times to remove excess tin (II) chloride from 
the fibers. Then Tollens’ reagent containing 0.5 wt %  and 0.37 %  1:1 volume 
proportion was applied as a silver electroless plating bath. The fibers were kept immersed in 
the plating solution for 60 min to allow silver deposition onto the crazes. After 60 minutes the 
plating solution was removed by means of a syringe and the fibers were rinsed with water. 
Then the fibers were dried. Since stretching of the fibers generate surface roughness due to 
the diameter variation, some batches of fibers were stretched further to 250% strain in order to 
make the fibers smoother. In that case the total strain reached 400% elongation and the rate 
was 20 mm/min. After stretching 2-propanol used for crazing was removed and the fibers 
were dried in air at room temperature under the tensile stress. All experiments were conducted 
at room temperature. 
3.2.3 Characterisation. Scanning electron microscopy (SEM) imaging was obtained on a 
Hitachi S-3000N instrument with an Amedek EDX detector. A VHX-1000 Digital 
Microscope (Keyence Corp.) was used for optical microscopy. The resistance of the metalized 
fibres was measured by a Keithley 2400 SourceMeter™ (Keithley Instruments Inc., USA). 
Cross section images were taken from epoxy embedded samples that were cut using 
ultramicrotome “Ultracut Reichert” (Austria) and diamond knife “Diatome 45° MX981”. 
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3. 3 RESULTS AND DISCUSSION  
3.3.1 Results obtained from the initial trials 
Optical micrographs obtained from the first experimental trial are given in Fig.4a,b.  
 
 
 
 
 
 
FIGURE 4. Crazed to 100% elongation and metallized PET fibers.                                                                  
a) an image of the batch           b) single fiber  
 
As it’s seen, crazed areas are relatively separated from each other. But the metal deposition 
took place all over the fibers. For the fibers stretched to 200%, distinction of crazed zones was 
better and metal deposition tended to be more selective towards the crazed areas. Images are 
given below in Fig. 5 a, b. 
 
 
 
 
 
 
FIGURE 5. Crazed to 200% elongation and metallized PET fibers.                                                                  
a) an image of the batch           b) single fiber  
 
Strain was increased to 400% elongation in order to check the strain variety on the selective 
metal deposition on the crazed fibers. Images are seen in Fig. 6 a, b. 
 
a) b) 
a) b) 
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FIGURE 6. Crazed to 400% elongation and metallized PET fibers.                                                                  
a) an image of the batch           b) single fiber  
 
With increased strain, diameter of the fibers was dramatically decreased. Metal deposition 
was found completely uniform over the fibers. There was no site selectivity of silver 
deposition. Besides in some areas of the fibers, the adherence of metal coating was of low 
quality and the metal peeled off by itself.  
All the fibers stretched to different strains were subjected to SEM EDX mapping for silver. 
Images can be found in Fig. 7-9 below. Cross sectional mapping was performed. Blue color 
refers to silver deposition. 
 
FIGURE 7. Fibers stretched to 100%, cross sectional images for silver mapping. 
As it’s seen, the silver trace is mostly deposited on the fiber surface. Images of the fibers 
stretched to 200% are given in Fig.8. 
 
64 
 
 
FIGURE 8. Fibers stretched to 200%, cross sectional images for silver mapping. 
Compared to the fibers stretched to 100%, it can be clearly seen that silver deposition took 
place inside the fibers’ matrix which surely is effected through crazing. The whole cross 
sections were found to be full of silver particles. The fibers stretched to 400% strain also 
examined and the images are given in Fig.9 
 
 
 
 
 
FIGURE 9. Fibers stretched to 400%, cross sectional images for silver mapping. 
 
The images shown in Fig.9 indicate that crazes were not metallized. It is believed to be caused 
by high strain of 400% which leads to either craze closure or expulsion of liquids from crazes. 
The resistance of the fibers produced from all the approaches was tested in two directions, i.e. 
along and across the fibers as illustrated in Fig.10. Thus the resistance of fibres was measured 
in 2 directions: parallel and perpendicular to the fibre axis. The data do not represent the 
specific resistance but indicate only significant difference in the resistance. Because of the 
stochastic nature of solvent crazing process, the geometry of the metallized parts changes 
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significantly from fiber to fiber and even along the same fiber. Therefore the measured values 
of resistance vary in a wide range.  
 
 
 
 
 
 
 
FIGURE 10. Schematic illustration of resistance measurement of the metallized fibers 
Values obtained from the measurements are shown in Fig. 11,12,13 accordingly. 
 
 
 
 
 
 
 
FIGURE 11.  Metallized PET fibers stretched to 100%, Anisotropic conductivity 
a) Measurements along the fibers                  b) Measurements across the fibers 
 
As it’s seen, the fibers are non conductive along the fibers and have resistances between 10-1 
to 10
3Ohm across the fibers’ axis. In the ideal case, the resistivity would reach approx. 
1.59 10
-8
 m along the fibers. For the samples stretched to 200% elongation, tendency 
observed on 100% stretched samples is kept [Fig.12].  
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FIGURE 12. Metallized PET fibers stretched to 200%, Isotropic conductivity 
a) Measurements along the fibers                  b) Measurements across the fibers 
 
Fibers stretched to 400% displayed the least anisotropy. Results are shown in Fig.13. 
 
 
 
FIGURE 13. Metallized PET fibers stretched to 400%, Isotropic conductivity 
a) Measurements along the fibers                  b) Measurements across the fibers 
 
The fibers stretched to 400% elongation were demonstrating the worst results according to the 
metal adherence and electroconductivity. There was a strong axial shrinkage caused by the 
high strain and no selectivity of silver deposition. Although the metal coating had formed on 
the surface of the fibers, it was peeled off by itself. With the application of high strain, craze 
structure employed as good adherence of metal to polymer is collapsed. Thus 400% strain was 
excluded from further experiments despite the fibers were uniform in diameter.   
a) b) 
a) b) 
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3.3.2 Results obtained from main experiments based on the optimum conditions 
PET fibers were stretched to 200% at the different rates and dried under stress as it was 
chosen the best condition. One of typical images of such fibers is shown in Fig 14. 
  
FIGURE 14. PET fiber after solvent crazing and silver plating, dried under load.  
 
As it’s seen in the figure, diameter variation of the fiber is highly pronounced. Black colored 
areas with smaller diameters are crazed zones and transparent areas with bigger diameters are 
non crazed bulk polymer. Further microscopic examination continued with a closer view on 
the necked area. An image is shown Fig.15.  
 
FIGURE 15. Crazed and metallized PET fiber. Total elongation 200%. 
 
As it’s seen in Fig.15, there are rip like openings between some coagulated fibrils in the 
necked area. They are supposedly still open crazes although the crazes can be found 
completely closed in the necked zones. For further characterization, the fibres were 
microtomed longitudinally in order to examine the internal appearance. Fibers were 
embedded into epoxy matrix and cut in a longitudinal direction approx. 350 μm deep with a 
diamond knife. An optical micrograph of the sample is shown in Fig.16.  
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FIGURE 16. Longitudinal cut of crazed and metallised PET fiber. 
 
In Fig.16 necked areas are seen to be selectively covered by metal coating.  It can also be seen 
that metal coating is not only found on the neck surface but also present inside the area 
appearing as silvery particles. This image reveals the site selectivity of silver deposition that 
can be explained by the relatively stable, localized porosity created by solvent crazing. Closer 
image of the crazed area is presented in Fig.17.  
 
 
In Fig. 17 an internal view of the necked area is shown. Silver coating looks like a bright, 
crispy precipitation that took place on the fiber surface. Except metal coating, there is an 
interesting view in the boundary of craze-bulk polymer. The process of fibril drawing denoted 
to craze widening left its trace. It can be observed in the polymer transition zone that it looks 
like slightly bent creases “pulled” from bulk polymer into necked area. In addition, formation 
of shear-bands is seen in the undeformed polymer area. The bands are positioned ~45° to the 
tensile stress direction which is in accordance with literature reports [28- 30]. 
FIGURE 17. Fibers optical micrograph. 
Close look in the necked area 
 
69 
 
Further optical microscopic investigation was performed to get a closer view of the necked 
area in order to examine its internal structure. Images given below in Fig.18 are taken from 
the necked and non-necked areas of the fibers. 
 
 
In Fig.18, it demonstrates the formation of round and ellipsoid particles are seen. It can be 
assumed that the shape of these particles was effected by the craze pores. Elongated ellipsoid 
shapes must have been formed from coalescence of crazes.  Further characterization is 
continued with silver mapping of the fibers by SEM EDX. The mapping was performed on 
intact fibres as well as on fibres that were microtomed ~300µm deep longitudinally to show 
cross section. Images of SEM EDX mapping on the intact fiber are shown in Fig 19. As 
expected, the necked areas are completely covered by metal. Silver coating is marked by 
yellow colour. Non crazed areas of polymer are seen not to be covered by silver which proves 
the previous optical microscopic observations. 
FIGURE 19. SEM EDX mapping of silver on the fiber surface. 
FIGURE 18. Optical micrograph of necked area (Red arrow- Drawing direction) 
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Fig.19 depicts the EDX mapping of silver in the longitudinal cross section prepared by 
microtome. Images are presented in Fig.20. Again in the necked area silver deposition was 
found and no silver is seen inside the non stretched sections.  
 
 
 
 
 
 
FIGURE 20. SEM EDX mapping of silver on the  longitudinally cut fiber. 
Particles that are seen inside the fibers are in different shapes as observed in Fig. 18. It proves 
the assumption that smaller pores are merged into elongated cavities due to pore coalescence 
in the crazed area. Although silver deposition was detected both on the surface and internal 
structure of crazes, the amount seems to be comparatively less inside the fiber. This can be 
explained by the fact that silver plating was applied after stretching when the crazes were 
collapsed. Such collapse of pores would cause the components to leave the crazes so that the 
metal deposition inside of crazes is impeded.  
Characterization of the metallized fibers was followed by electroconductivity measurement. 
Since the work is aimed at obtaining anisotropic conductive fibres, current should pass across 
the fibres where metal coatings are and must not flow along the length. Statistical histograms 
obtained from the fibers are shown (Fig. 21,22).  
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FIGURE 21. Resistance measured across the metallized fiber. 
 
 
 
 
 
 
FIGURE 22. Resistance measured along the metallized fibers. 
 
If a probe with 1 mm diameter contacts (two wires mounted on the jaws of a Kelvin-probe 
clamp) was randomly applied to the fibers, most of the measured resistance values are in the 
range below 1 Ohm (the resistance of the probe wires and contacts was subtracted), i.e. were 
compatible with resistance of bulk-metal. The absence of transverse conductivity in the 
minority of measurements can be explained by incomplete metallization and especially by the 
concave shape of "necked" metallized parts. Measurement of longitudinal resistance between 
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two probes separated by 1 cm showed no substantial conductance, although in many cases 
some leakage current was detected.  
As mentioned in the beginning, stretching to 200% elongation and drying under load caused 
the fibers to have diameter variation that resulted in a rough surface. In textile materials the 
surface smoothness is highly important. Therefore an additional step of stretching was applied 
to the metallized fibers and even diameter and smooth surface were obtained [Fig.23]. 
Unfortunately, electrical conductivity was completely lost. While stretching the fibers, 
metallic layers got peeled off. It is obviously due to the lateral shrinkage of fibers that caused 
the breakdown of craze structure which was serving as bonding sites for metal adherence. 
After this additional stage of stretching, the fibers contain only encapsulated particles which 
are black in color [Fig.23]. As it’s stated in [31] black silver particles are in colloidal form and 
about 460 nm or even larger.   
 
 
 
 
FIGURE 23. Surface-smoothed fibre that was stretched after first electroless plating. 
 
Since the particles are buried by polymer there is no electric conductivity. In order to regain 
conductivity in such kind of fibers, colloidal silver particles isolated by polymer can be used 
as seeds to deposit additional metal.  Swelling of the fibers might provide access of metal ions 
and reducing agent to the seeds for their autocatalytic growth. Swelling the fibers was 
attempted in benzyl alcohol prior to the electroless plating. Disappointingly, the approach 
didn’t result in better electrical conductivity, the fibers remained non conductive. It must be 
noted, however, that this was a single trial and the process maybe improved further to make 
the smooth fibers anisotropically electroconductive.  
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Based on the results, some practical applications are suggested. First, there is a potential 
application in interconnects made of dielectric fibers possessing transverse but not 
longitudinal electrical conductivity. As it’s described in Fig.24 (left) the arrays of metallic 
rings are obtained in fibers and individual fibers contribute to such function.  
 
FIGURE 24. From anisotropic conductive fibres to anisotropic conductive textiles. 
 
Another interesting application would be for compression sensitive electroconducting textile 
materials. Woven, knitted or nonwoven textile made of fibers described above must not have 
in-plane conductivity, but a transverse compression would cause metal rings of neighboring 
fibers to go in contact and conduct electrical current locally across the fabric (Fig.24, right).  
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CONCLUSIONS  
A new method was developed to obtain anisotropic electroconductive fibers using synthetic 
polymer fibers. For that purpose a combination of solvent crazing technique and silver 
electroless plating was applied. The approach is relatively simple and technologically feasible. 
Unique mechanism of craze development caused by solvent crazing allows creating local 
areas of porous structure along the fiber. Such areas serve as favorable sites for metal 
deposition. Optimized solvent crazing conditions and appropriate content of electroless 
deposition bath are very important to obtain the fibers. A general approach to produce 
anisotropic electroconductive fibers has been developed, although it is a very first step 
towards massive manufacturing. A new type of textile materials possessing a compression-
induced local transverse conductance is also proposed. 
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Chapter 4 
PET FIBERS DECORATED BY LOCALLY FORMED METAL RINGS 
4.1 INTRODUCTION 
In the fast paced, rapidly developing modern world functional composite materials are 
increasingly required. In connection with this, new composite materials specifically 
metallopolymer nanocomposites and nanomaterials are gaining increasing interest.  
Nanocomposites of inorganic particles dispersed within polymer matrix have been considered 
for potential applications in sensors, catalytic systems, drug delivery systems, molecular 
electronic devices, nanoreactors etc [1-12]. Incorporation of metal particles into a dielectric 
matrix can be performed via many different ways and can be divided into three main 
classifications such as physical, physico-chemical and chemical methods [1]. The 
classification is based on the formation process of the nanoparticles and the character of 
interaction between nanoparticles and the host matrix. Physical methods comprise of 
nanoparticles mixing with either polymers or oligomers; their microencapsulation or 
conservation into polymer shells through solvent evaporation setting, and surface 
polymerization; heterocoagulation of colloids based on polymer powders, films or fibers; co-
extrusion, etc. In all cases polymer and particles are merged without chemical bond between 
components. Physico-chemical approaches are methods such as metal evaporation, 
thermolysis of precursors or the action of high-energy radiation on the metal–monomer/ 
polymer system to create a new phase. Chemical methods are the most applied methods to 
create nanocomposites. The methods are based on chemical interaction between the polymer 
matrix and metal ions involving thermal or radiation caused decomposition of metal 
containing precursors with polymers, copolymers and dendrimer [1]. The processes 
encompass reduction in block-copolymers in solution, in dendrimers, in heterogenous 
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polymer systems, metal sol formation in polymers, thermolysis of monomer–polymer 
mixtures, and formation of polymer-immobilized metalloclusters.  
Among above mentioned approaches, also deposition of metal nanoparticles as seeds into 
readily available porous structure of polymer matrix is worthwhile to consider. Such porous 
structure can be obtained by solvent crazing as described in the previous Chapter 3. Metal 
nanoparticles seeded into the pores can serve as nuclei in order to grow an extended or even 
metallic structure. So far, highly porous polymer films were prepared via solvent crazing 
technique and afterwards subjected to metal ions of , ,  to be reduced within 
polymer matrix [13-15].  The authors indicate a pore volume up to 45%. Delivery of metal 
ions and reducing agents was performed in different ways. Either the polymer was stretched in 
a surface active liquid in which metal salts were dissolved or a counter current diffusion 
technique was applied with polymer films that were preliminary deformed by solvent crazing.  
For the counter diffusion approach, PET films were deformed in 1-Propanol and subsequently 
placed between chambers containing silver salt and reducing agent [16]. A unique aspect of 
the solvent crazing technique is the fact that it does not only permit to introduce metal 
nanoparticles into a porous structure but allows one also to localize the pores in the domains. 
This Chapter explores the possibility to generate anisotropically distributed metal seeds within 
fibers by means of solvent crazing and to grow them by electroless metal deposition to obtain 
electrically conductive domains. As a starting material, we used low orientd commercial PET 
fibers. The seed-mediated growth method is well known for synthesizing noble metal 
nanocrystals [2,4,9,12]. This work is the first trial to seed metal particles within the crazes and 
grow them in there.  
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4.2 EXPERIMENTAL 
4.2.1 Materials  
PET monofilament with diameter of 1.2 mm, ~25% degree of crystallinity was obtained from 
Monofil-Technik GmbH (Hennef/Sieg, Germany). 1-Propanol was obtained from Merck 
(Germany); silver nitrate, 2-Propanol, tin (II) chloride, gold (III) chloride trihydrate, 
cetyltrimethyl ammonium bromide (CTAB), ammonium hydroxide and ascorbic acid were 
obtained from Sigma-Aldrich (Germany) Corporation and used as received.   
4.2.2 Preparation 
For the solvent crazing procedure, a Zwick 1425 tensile-testing machine (Zwick GmbH & Co. 
KG, Germany) was used. The machine was customized for solvent crazing [See Fig. 1 in 
Chapter 3]. The solvent crazing “bath” was made of a glass tube with an internal diameter of 
16 mm which permits to work with liquid volume of about 50 ml. Liquids were replaced by 
means of syringes. Typically 8 filaments with 5 cm initial length were taken. The fibers were 
stretched in two steps at different rates so that the required alternating crazed zones and non 
crazed bulk polymer zones were obtained. The optimum condition of solvent crazing 
established as explained in the Chapter 2 of this thesis. In a first stage, the fibers were 
stretched at a rate 1mm/min then the rate was increased to 20mm/min.  The fibers were 
stretched to 25% and 50% strains in order to avoid strong neck development. Crazing 
solutions were tin (II) chloride dissolved in 2-propanol. The concentration was raised between 
0.002 wt% to 0.2 wt%. The tin (II) chloride solution served both as surface active liquid and 
sensitizing agent in order to improve the metal adhesion into the polymer and to reduce silver 
ions into metallic silver seeds. After stretching the fibers in tin chloride dissolved in 1-
Propanol, the fibers were rinsed with 1-propanol to get rid of excess tin ions. Then Tollens’ 
reagent was applied to produce silver seeds in the fiber within crazes. 1-Propanol was added 
to Tollens’ reagent so that the crazes formed in the previous stage were kept open and silver 
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ions have access to the craze structure. Tollens’ reagent with the concentrations of 0,005wt% 
0,25 wt%, 0.5 wt %  was mixed with propanol-1 to 1:1volume/volume concentration. 
The fibers were immersed in the solution for 60 minutes. After that the Tollens’ reagent was 
removed and the working bath was flushed with water 5 times. Subsequently gold(III) 
chloride trihydrate dissolved in 1-Propanol was added by a syringe to the working bath. The 
fibers were kept immersed in the gold(III) chloride trihydrate solution for 24 hours to allow 
the deposition of gold initiated by silver crystallites within the fibers in crazes. In the last 
stage, different concentrations of an aqueous gold(I) aqueous was applied as growth solution. 
The fibers were kept in the growth solution for 24 hours. Afterwards, the fibers were rinsed 2 
times with 1-Propanol and dried in air under the load. All the experimental stages are listed 
and enumerated as follows. 
Sample A) Initial length of fibers- 5cm, Elongation- 25% stretched at 1mm/min and 
20mm/min rates, 0.2wt%  dissolved in isopropanol, 0.5wt% Tollens’ reagent/propanol-
1 mixture, 2.5∙10-3 M ∙  dissolved in 1-Propanol as seed solution, 2.25∙10-3 M  
∙  capped with CTAB and 0.4∙10-3M ascorbic acid  were used as growth 
solution. 
Sample B) Initial length of fibers- 5cm, Elongation- 50% stretched at 1mm/min and 
20mm/min rates, 0.2wt%  dissolved in 2-Propanol, 0.5wt% Tollens’ reagent/1-Propanol 
mixture, 2.5∙10-3 M ∙  dissolved in 1-Propanol as seed solution. CTAB capped 
2.8∙10-4 M  ∙  and 0.4∙10-3M ascorbic acid were applied. 
Sample C) Initial length of fibers- 5cm, Elongation- 50% stretched at 1mm/min and 
20mm/min rates, 0.02wt%  dissolved in isopropanol, 0.05wt% Tollens’ 
reagent/propanol-1 mixture, 2.5∙10-2 M  ∙  dissolved in 1-Propanol as seed 
solution. CTAB capped 2.8∙10-3 M  ∙  and 0.4∙10-3M ascorbic acid were applied.  
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4.2.3 Characterisation. Scanning electron microscopy (SEM) imaging was obtained on a 
Hitachi S-3000N instrument with an Amedek EDX detector. SEM SU 9000 was used for 
EDX Mapping. 
 
4.3 RESULTS AND DISCUSSION 
In the series of first experiment, fibers were not subjected to be characterized at each stage of 
the seed growth procedure. Images given below in Fig. 1 and Fig.2 are taken after the 
complete course when crystals grew from the seeds within the crazes. Red arrow is the 
direction of stretching. 
 
 
 
 
 
 
Figure 1. Sample A.  Crystal growth in array of crazes. SEM surface image of a crazed 
fiber decorated with metal by the seed growth procedure. The drawing direction is 
indicated by the red arrow, applied strain- 25% 
 
The fibers were transparent before the treatment. After the final stage of procedure the fibers 
turned black. FESEM images were taken to characterize the black fibers. In Fig 1, an image of 
a single fiber is shown. The fiber was elongated to 25% which is a relatively low strain. As it 
is seen, arrays of crazes have formed in the fiber and most crazes are not expanded yet. The 
crazes are perpendicular to the fiber axis. Some crazes are relatively wide open and filled with 
metal crystals, some are tiny. The crystal formation occurred in a single craze was examined 
further by SEM and an image is given in Fig.2.  
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Figure 2. Sample A. SEM micrograph of a single craze containing crystals after the first 
series of experiment completed. Red arrow indicates the drawing direction 
       a) a single craze filled with crystals      b) Close look of the crystals in the craze 
 
It can be seen in Fig.2 that the metal particles do not show the typical faceted geometrical 
shape of crystals and are mostly located in the wide open crazes. Thus firstly, it can be 
concluded that there were not many potential sites to “host” the metal particles and let them 
grow.  Secondly, because the crystals do not have clear, crystal facets it can be concluded that 
the gold is not fully reduced. In contrast to the original aim of the approach studied here, 
formation of metal rings is not achieved so far. Growth of an elemental gold structure was 
expected by the autocatalytic reduction of  taking place on seeds. An aqueous 
solution of  was prepared by reduction of  with ascorbic acid in the presence of 
CTAB, cetyltrimethyl ammonium bromide. CTAB was added to prevent premature 
disproportionation of .  seeds were formed in the crazes earlier when  ions were 
reduced by  seeds which were formed previously in the presence of tin from Tollens’ 
reagent. In order to examine the crystal deposition in detail, scanning electron micrographs of 
sample were taken at different stages of the process. 
In this case, the fibers tagged as sample B were treated in a similar way as sample A. But the 
strain was increased up to 50%. Fig.3 shows a well defined craze arrays formed on the 
surface. The improved craze structure was obtained by the virtue of the increased strain. The 
b) a) 
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figure was obtained after the  seeds were formed in crazes. Red arrow is the indication of 
the tensile stress direction. 
 
 
 
 
 
 
Figure 3. Sample B. Array of crazes containing metal particles formed after the 
treatment of the fibers with Tollens’ reagent followed by Au3+ seed solution.   
 
Fig.3 to 6 show electron micrographs of sample B. Images were obtained after the deposition 
of silver crystals and treatment with a dilute  solution in order to prepare the gold seeds 
for the electroless deposition of gold. Fig.4 depicts the high magnification looking into a craze 
where the deposition of metal particles is evident. Red arrow indicates the drawing direction. 
An area highlighted by a red circle is where metal particle formation took place within the 
craze.  
 
 
 
 
 
Figure 4. Sample B. Metal particles in a single craze after the treatment of the fibers 
with Tollens’ reagent followed by Au3+ seed solution.   
 
Fig 4b demonstrates a large variation of the particle sizes. Some particles are big and some are 
small. Typically the big particles are covered with smaller ones. In order to determine whether 
besides gold particles also silver particles were present, EDX was performed. The fibers were 
b) a) 
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examined as prepared, i.e., without any microtoming and without sputtering a metal coating. 
SEM images are presented in Fig 5.  
 
 
 
 
 
Figure 5. Sample B. SEM images of gold and silver particles formed in crazes. 
a) Particles formed in a craze  b) Closer image of particles formed in the craze 
 
 Fig 5a depicts a view into a cavity within a crazed area. The cavity looks like having a depth 
which is dark in color. Fig 5b shows that particles formed on the wall of the cavity. Like in 
Fig.4b, two types of particles that are different by size and grey value are seen. The results of 
EDX Mapping are shown in Fig 6. 
  
 
 
 
 
 
 
 
 
 
 
Figure 6. Sample B. Gold and silver mapping of the fibers containing metal particles 
 
a) b) 
Craze cavity 
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EDX mapping demonstrates that the particles are gold and silver and that they are mutually 
dispersed within crazes. Typically the gold particles were deposited on top of the silver 
particles. The sizes of the gold particles were comparatively smaller than the size of silver 
particles. It must be noted that in case of sample B, not only the strain was increased but also 
the concentration of the  solution was reduced 10 times compared to sample A. The 
reduced concentration of the  solution was chosen in order to avoid initial excess 
deposition of gold and growth of gold out of crazes, where the crystals will form conductive 
bridges between the crazes. In this case, it would not be possible to obtain anisotropic 
conductivity. After obtaining co-exisitng particles of silver and gold, the  growth 
solution was applied as a next stage. FESEM images are displayed in Fig 7. Red arrows 
indicate the direction of stretching of the fibers. 
 
 
 
 
 
 
FIGURE 7. Sample- B. Growth of crystal row found in crazes 
As it is acknowledged, the particles that existed in crazes grew into crystals in an orderly way.  
They did not grow out of the crazes and aligned well along the crazes that are perpendicular to 
the fiber axis. Fig 8a demonstrates how the crystals aligned along the cavity between the craze 
boundaries and adhere to the craze wall. According to the Taylor meniscus instability theory, 
the side walls of the craze are porous and the locus of chain breaking [17]. Obviously those 
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walls have a great potential to nucleate particle deposition and to hold the subsequent growth 
of crystals. Red arrows indicate the direction of tensile stress applied to the fibers. 
  
 
 
 
 
FIGURE 8. Sample- B. Growth of crystals 
The crystals are assembled within the cavity as it is seen in Fig.8b. Here the crystals have 
formed a continuous ribbon-like structure that follows the cavity of crazes. It’s interesting to 
note in Fig. 9 a, b that some particles formed interconnected crystals that are more or less in 
the same shape and size. While some are arranged into random agglomerations but are still 
intwined. 
 
 
 
 
FIGURE 9. Sample B. Crystal growth formed as continuous, ribbon like structure inside 
the craze 
 
The crystals that formed a continuous path were examined closely. Images are shown in Fig 
10a and 10b. The crystals have grown in a faceted shape. The most important observation is 
b) a) 
a) b) 
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the fact that the crystals were formed selectively only in the craze cavities. EDX mapping was 
performed to determine the metal content of the crystals.  
 
 
 
 
 
FIGURE 10. Sample B. Crystals found in the crazes  
As it was mentioned earlier  layers were formed within crazes in the fibers with being 
reduced by ions.  After that upon the metallic silver layers  ions were applied to 
obtain gold seeds in the crazes. According to the standard reduction potential, it was expected 
that crystals would be gold. EDX mapping results was performed on the fiber surface are 
shown in Fig 11. 
 
 
 
 
 
FIGURE 11. Sample B. Mapping on the crystals grown inside the craze. 
 
Surprisingly, it was recognized that instead of gold crystal formation, the braid like crystals 
are composed of silver. Unexpected formation of silver crystals can be explained by under 
b) a) 
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potential deposition that takes place when a metal monolayer is deposited onto a noble metal. 
In that case the deposition of first layer which is  may occur at a less negative potential 
than a normal potential of a bulk metal. Such a layer can even be considered as a coordinating 
agent in crystal formation. It can also be that silver ions were still abundant in the system from 
the previous stages. As mentioned above in experimental section, silver particles are formed 
with the immersion of fibers in Tollens’ reagent in the presence of tin. The silver particles 
were expected to be replaced completely by gold seeds when the seed solution was applied. 
But apparently although the fibers were rinsed with 1-Propanol after being submerged in 
Tollens’ reagent, excessive amount of 1+ ions were still present. Thus it can be assumed 
that with the addition of  solution,  was formed and as a result, silver 
redeposition took place in the system.  
Since silver crystals were found instead of gold ones the next experiment was performed with 
the sample C as follows. The concentration of silver nitrate was reduced 10 times and both 
concentrations and solutions were increased 10 times respectively to support gold 
crystal formation. As a result, dramatically fewer amounts of particles were found and most 
crazes were empty. An image of a typical crazes containing very few particles is shown in Fig 
12. The red arrow indicates the tensile stress direction applied to the fibers. 
 
 
 
 
 
FIGURE 12. Sample C. Particle found in crazes after the treatment of the fiber with 
Tollens’ reagent followed by the seed solution of Au3+  
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The crystals formed inside the craze cavity were resulted from the treatment of fibers with 
Tollens’ reagent in the presence of tin (II) ions that led to silver seeds formation upon which 
gold seeds were deposited subsequently. The last stage with the growth solution of Au (I) was 
applied afterwards. As described earlier in the experimental section, with the supply of CTAB 
capped growth solution, the gold seeds are expected to grow into gold crystals. But as 
opposed to the sample B that had fully grown faceted crystals filling the crazes, poor 
formation of crystals was acknowledged. EDX mapping for gold was performed and an image 
is given in Fig. 13. 
FIGURE 13. Sample C. EDX mapping for gold 
As it’s seen in Fig. 13, the crystals are gold and are not interconnected. There are some points 
to highlight. Firstly, the reduced concentration of silver ions led to a dramatic decrease in 
silver particles formation. Fewer amounts of silver particles seemed to cause forming fewer 
amounts of gold particles too. Secondly, the gold particles were not grown into crystals 
although 10 times higher concentration of the growth solution was applied.   
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CONSLUSIONS 
As a continuation of Chapter 3, a different approach was applied to obtain anisotropic located 
metal formation on PET fibers. In doing so solvent crazing and seed mediated metal growth 
techniques were used at conditions where the driving factors were varying. Inorganic 
nanoparticles were dispersed within a commercially available polymer matrix via the 
successive stages of solvent crazing, redox reaction and seed mediated metal particles growth 
approaches. It’s concluded that solvent crazing as a means of creating porous structure in the 
commercially available PET fiber can be used in seed mediated metal crystal growth in 
principle. It’s not fully understood why silver particles were preferentially grown into crystal 
structure when ions were constantly applied onto  particles coexisting with 
colloidal particles. It is assumed that there is a threshold concentration of initiative 
particles upon which the seed particles would form and grow further into crystals. When these 
“start-up” particles are not abundant in amount, despite proper concentrations and components 
of growth solutions are applied, particles are not likely to grow into crystals. This combination 
of solvent crazing technique with seed mediated growth approach is the very first trial to 
produce the synthetic fibers decorated by metal-ring like crystals. The rings that encrircled the 
fibers were successfully obtained.  
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Chapter 5 
Preparation of Natural and Synthetic Fibers Blend by Solvent Crazing 
 
5.1 INTRODUCTION 
Composite materials offer a different often synergistic quality compared to its individual 
components. Solvent crazing has been reported to present a special technique to prepare 
composite materials with anisotropic properties [1-3].  
Synthetic, man-made poly(ethylene terephthalate) fibers meet the requirement of durability, 
resistivity, and availability of mass production. On the other hand natural keratin fibers are 
superior to synthetic fibers concerning moisture uptake, dyeability and comfort in clothing 
applications. Combining these valuable features is established in fabrics where wool and PET 
fibers are mixed, but not within a single fiber textile.  
Composite formation is based on infiltration of a dissolved component into a mechanically 
stressed fiber. It’s based on the cavitation that is connected to craze formation and exploits the 
fact that craze formation can be controlled and improved by the contact with the liquid while 
at the same time the pores get filled by the liquid. In the present Chapter, we explore the 
introduction of keratin based peptides into synthetic poly( ethylene terephthalate) fibers. 
Poly(ethylene terephthalate) is a thermoplastic polymer with repeating C10H8O4 units of 
monomer. PET is the most used synthetic polymer worldwide and is highly hydrophobic [4].  
 
 
 
 
 
FIGURE 1. Unit chain of PET polymer 
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Keratin is a biopolymer and the constituent protein of wool, feather and human hair. Similarly 
to all proteins, keratin contains both cationic and anionic groups and thus possesses 
amphoteric properties. Thiol groups of cysteine, amino groups of lysine, histidine are 
chemically active and interact with other compounds such as dye molecules. Protonated side 
groups of arginine, lysine, histidine amino acids and free terminal amino groups are 
responsible for cationic character of keratin. Anionic groups consist of dissociated side groups 
of aspartic and glutamic acid residues and as carboxyl end groups. Side groups of keratin take 
up approximately 50% of the protein molecular mass [5,6].  
 
 
 
 
 
 
 
 
 FIGURE 2. Peptide chain unit in keratin 
 
In consideration of the excellent moisture adsorption properties of the protein, partially 
hydrolyzed keratins are considered to improve the moisture adsorption of another material 
when they are blended with. Amongst keratin rich materials chicken feathers are considered a 
cheap, readily available resource [6-8]. Poultry industries constantly dispose a huge amount of 
feathers which cause significant economic and ecological expenses. Each year about 4 million 
tons of feathers are being produced as waste worldwide [9]. Thus the use of feather keratins 
for the preparation of valuable bio and synthetic polymer composites may bring economical 
and ecological benefits. Recently, the preparation of water soluble keratin peptides from 
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feathers has been reported by means of a waste technology. The potential application of 
solubilized feather keratin has been envisaged as a source of biopolymer for films [10], edible 
films or coatings and [11] compostable packaging [12] and for inclusion in composite 
materials [13]. Biodegradable and breathable food packaging films have been produced from 
solubilising at 120 °C glycerol, water with sodium sulphite [14]. 
 
5.2 EXPERIMENTAL 
5.2.1 Materials and methods 
PET fibers with diameter of 25 µm, 32.7% of crystallinity were obtained from Märkische 
Faser GmbH (Premnitz, Germany). 1-Propanol was obtained from Merck and used as 
received. The keratin-based oligo-peptides were obtained from the barb of chicken feathers. 
The feathers are pretreated by cleaning, cutting, degreasing, and drying. The barbs from dry 
feathers are sealed in a steel pressure cell with water at a concentration of 20 mg/mL and 
placed in a preheated oven. Since the steel vessel is sealed, the pressure in the cell will 
increase with temperature due to the partial pressure of the water within the cell. At 220 °C, 
the pressure in the vessel will be 22 bars [6]. Molecular size of the hydrolysed keratin was 
determined by MALDI-ToF mass spectrometry (Matrix Assisted Laser Desorption/Ionization 
Time-of-Flight). Sample moistening at 98% relative humidity was performed according to the 
instrument calibrating method with moistened potassium sulphate. Fluorescence microscopy 
images were taken by a microscope (Zeiss Stemi 2000 C) with attached UV lamp (Vilber 
Lourmat, 200V, λ = 365 nm). A long pass filter with  = 408 nm (Schott, Germany) was 
used to exclude UV radiation on the operator side. 
 . The heat of water vaporization was measured by DSC204 Netzsch (NetzschGerätebau 
GmbH, Germany). After stretching PET fibers in the solution, the fibers were embedded in 
acrylate resin and cut with Reichert microtome for cross sectional analysis. Cross sectional 
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images were taken on a microscope (Zeiss Stemi 2000 C) with attached UV lamp (Vilber 
Lourmat, 200V, λ = 365 nm). A long pass filter with τ50  =  408 nm (Schott, Germany) was  
used to exclude UV irradiation on the operator side. Diameter variance caused by stretching 
was statistically measured in order to determine its dependence on strains. For this purpose, 
an OFDA 100 instrument was used to determine the fiber’s fineness and diameter distribution.  
The measurement was carried out according to the standard method applied for determining 
wool fiber’s mean diameter distribution.   
5.2.2 Preparation 
Stretching of PET fibers was performed on a configured device (see Fig. 3) attached to Zwick 
1425 uniaxial tensile-testing machine straining at a rate of 15 mm/min. 
 
 
 
 
 
 
 
 
FIGURE 3. Set up for solvent crazing in a glass tube 
The strand of fibers was mounted between two clamps. Then clamp was connected to the 
pulling rod and lower clamp was connected to a stable base which consisted of a glass vial 
stopper/epoxy resin. When force is applied the strand of fibers was stretched to a given strain 
(Fig 1). A 10 mL glass tube was imposed to allow immersion of the fibers into crazing 
solution as shown in Fig 1. The glass tube was filled with the crazing solution and the strand 
was stretched to elongations of 100 %, 200 % and 400 %, respectively at a rate of 15mm/min 
98 
 
while submerged in the solution. After stretching, the fibers were released from the load and 
excess solution on the surface was removed by abundant amount of water and dried at room 
temperature in air overnight.  
Hydrolysed keratin was labelled with FITC (fluorescein-4-5-isothiocyanate) in order to track 
the migration of the keratin into the PET fibers through the craze structure. For keratin 
labelling 0.06 wt % FITC was taken and the reaction was ran at 80 
0
C at pH=7. Labelling 
takes relatively long time. After 7 days the peak was completely vanished which is an 
indication of complete incorporation of FITC into keratin. Completion of the labelling was 
monitored by FTIR (Fourier Transform Infrared Spectroscopy). The labelled keratin was 
mixed with 1-Propanol as a solvent crazing solution for PET fibers. Proportion of 1-Propanol 
and labelled keratin was 1:1 in volume.  
Keratin labelling with fluorescein dyestuff is a chemical reaction that takes place between 
amine group of soluble keratin and isothiocyanate group of FITC [Equation 1]. The reaction 
runs as follows: 
OO OH
N
HOOC
C S
OO OH
NH
2
C S
CH NH2HOOC
R
CH NHHOOC
R
HOOC+
 
EQUATION 1. Chemical reaction between soluble keratin and FITC 
 
5.2.3 Characterization 
Characterization of the obtained composite was performed by DSC for measuring the 
moisture uptake of the fibers, Elemental analysis method used for determining the nitrogen 
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content and light microscopy for imaging the fibers’ cross section. In order to measure the 
moisture uptake of the keratin modified PET fibers, the measurements were calibrated with 
saturated salt solutions [18]. Calibration for 98% of relative humidity was done with slightly 
moistened potassium sulphate in an air tight desiccator. The moistened potassium sulphate 
was filled to a depth of 3 mm into a shallow dish.  The diameter of the dish was chosen to 
occupy most of the bottom of the airtight desiccator. A tray with the samples was placed 
above the dish. The samples were kept inside the desiccator for five days. After five days the 
evaporation enthalpy of the sample was measured by DSC. In doing so, the samples were 
sealed inside DSC crucibles in a conditioned room. The samples were heated in DSC from 
0°C to 300°C at 10°C/min rate and cooled down to 0°C again at 10°C/min rate. The heat of 
water evaporation was recorded on each sample in order to evaluate the moisture absorption 
of the samples. The moisture content was calculated in comparison to the standard heat 
capacity of water evaporation.  
 
5.3 RESULTS AND DISCUSSION 
Diameter variation caused by stretching to different strains is plotted in Fig. 4 
 
 
 
 
 
 
 
 
 
FIGURE 4. Neck development statistic in crazed fibers 
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Fig.4 depicts the distribution of the fiber diameter for PET fibers that were stretched under 
solvent crazing conditions to different extent. The diagram shows a characteristic bimodal 
distribution. Smaller values correspond to necks and the bigger values relate to non necked 
polymer segments. Necked areas are considered to have 10-15 µm diameter cross sections and 
those having more than 15 µm diameter cross sections are regarded as non necked areas. For 
100% stretched fibers, it’s seen that necked areas cover approx. 2 times bigger surface than 
non necked polymer. For the fibers stretched to 200%, this proportion rises up to approx.6 
times. In other words, necked area covers 6 times more surface area than non necked polymer. 
This value increases dramatically for the fibers stretched to 400% strain. The necked area 
covers approx.100 times more surface areas compare to non necked areas. The fibers are 
almost completely transformed into necks. Fig.5 shows FTIR spectra recorded in order to 
follow the keratin labelling reaction.  
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FIGURE 5. Labelling of keratin with FITC  
The spectrum FITC depicts the characteristic NCO-band at 2000 cm
-1
 wavenumbers. After 7 
days of labelling reaction, this band was vanished and an extensive amide band occurred.  
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Optical microscopy images of the keratin modified PET fibers are shown in Fig.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6. PET fibers modified by FITC labelled keratin, 100% stretched. 
(a) Side images   (b) Cross sectional images. 
 
As it’s seen in Fig.6, PET incorporated keratin can be followed by the fluorescein traces. It is 
found mainly in areas where crazes and necks are formed. In Fig.6 b, cross sectional images 
are shown. Doughnut like images correspond to the non necked polymer area. Smaller and 
brighter dots relate to necked areas. It looks like that at 100% strain, keratin was either merely 
absorbed at the fiber surface or that the crazes didn’t propagate deep into the fiber core.  
Images of the fibers that were stretched to 200% are shown in Fig. 7a, b. 
 
 
 
 
 
 
FIGURE 7a. PET fibers modified by FITC labelled keratin, 200% stretched. Side  
images 
a) 
b) 
a) 
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FIGURE 7b. PET fibers modified by FITC labelled keratin, 200% stretched. 
 Cross sectional images. 
 
It’s seen that neck formation is dominant along the fibers. According to [19], the thinner a 
polymer is as more does the craze propagation involves the whole cross section of the fiber. 
Hence, in Fig.7b cross sections through the fibers appear as brighter compared to the images 
in Fig.6b. Images of  400% stretched fibers are shown in Fig. 8. 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 8. PET fibers modified by FITC labelled keratin, 400% stretched. 
(a) Side images   (b) Cross sectional images. 
 
 As it’s seen, the fibers are fully necked and the incorporated FITC labelled keratin found 
everywhere throughout the fibers. Cross sectional images present only fully coloured bright 
slices. The effective staining of the entire fiber stretched to 400% maybe considered in 
b) 
a) 
b) 
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contradiction to reports, that high strain leads to lateral shrinkage of polymer fibers and 
collapse of porous structure whereby the incorporated substance is squeezed out [2]. Fig.8 
indicates, however that the keratin-peptides have been trapped inside the pores while they 
closed. At 400 % strain the fibers’ cross section looks uniformly and fully coloured.  
Moisture uptake  
The extent of keratin incorporation into PET fibers via solvent crazing was estimated by 
determining the moisture uptake of the keratin modified fibers. For this purpose, DSC was 
used to measure the heat capacity of water vaporization. The absorption of water by keratin 
involves binding of water molecules to hydrophilic groups (primary absorption), attachment 
of additional water molecules to the bound water by hydrogen bonding (multi-molecular 
absorption) and absorption of loosely attached or 'free' water (condensation absorption) [20, 
21]. Free amino acids containing carboxyl and hydroxyl groups are the main polar sorption 
sites in keratin, and the energy of water attachment to these groups has been estimated. Other 
possible water sorption sites are the acid amide side-chains and the -CONH- peptide linkages 
of the main polypeptide chains [22, 23].  Values obtained from DSC measurements and 
corresponding calculation of moisture uptakes are shown in Table 1. Enthalpy of the water 
evaporation is 40.65kJ/mol at 100°C  [24]. 
TABLE 1. Moisture uptake of PET fibers containing keratin 
 
Samples  
 
Enthalpy of the 
endothermic process, J/g 
Moisture uptake, % 
Keratin free, non stretched PET fibers 2 0.09 
Keratin free fibers elongated to 200% strain 0.95 0.04 
100% elongated keratin containing  fibers  24 1 
200% elongated keratin containing  fibers 32 1.4 
400% elongated keratin containing fibers 23 1 
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Although labelled oligopeptides are present through whole cross section of the stretched 
fibers to all three different strains, moisture uptake demonstrates that the fibers stretched to 
200 % strain absorb the maximum amount moisture. In the experiment of detecting 
fluorescein labelled keratin bound into PET fibers implied that the fibers were explicitly taken 
up in the necked areas. The maximum moisture uptake observed for fibers stretched to 200% 
elongation. When the fibers were stretched to 400%, the absorbed moisture did not exceed 
that of fibers elongated to 100%. The reference of fibers stretched to 200% elongation, in the 
absence of keratin oligopeptides absorb even less water than the keratin free, not elongated 
fibers. This might be explained by the increased crystallinity of the fibers induced by 
stretching, and the corresponding decline in moisture uptake by the amorphous regions of the 
polymer.  At a high strain of 400 %, the craze fibrils get highly oriented and packed more 
densely. Microvoids start to collapse as indicated by the decrease in diameter. Hence, 
moisture absorbency drops to a lower value.  
Elemental analysis  
In order to estimate the amount of keratin-based oligopeptides incorporated into PET fibers 
via solvent crazing, elemental analysis was performed. Incorporated keratin was assessed by 
the nitrogen content of the probes.  
 
. 
 
 
 
 
 
 
FIGURE 9. Nitrogen content vs strain 
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As it is seen in Fig.9, approx.2.6 wt % of nitrogen containing keratin was delivered into the 
fibers at a strain of 100%. This value increased further by about 70% approaching 3.2wt % in 
the fibers stretched to 200% elongation. The content of keratin in the fibers stretched to 400% 
strain drops to almost the same value that was obtained for 100% elongated fibers, e.g. 2.8wt 
%. Thus also the elemental analysis indicates that a maximum amount of keratin can be 
incorporated into the fibers via solvent crazing at 200 % strain. This value is in a good 
agreement with the maximum observed for the moisture absorption.  
 
CONCLUSIONS 
The possibility of preparing composite material made of keratin-based oligopeptides and 
polyester (PET) via solvent crazing technique was tested. The oligopeptides were obtained by 
hydrolysation of feather keratin in superheated water. PET fibers were chosen as the host 
fibers to be modified by the oligopeptides. The modified PET fibers were characterized with 
various techniques. A relationship between the strain and the absorbed oligopeptides was 
determined. The maximum for the infiltration of oligopeptides into the synthetic fibers, as 
well as the maximum moisture absorption of the modified fibers were both identified for 200 
% elongation. The water uptake of the keratin modified fibers stretched to 200 % strain was 
more than 10 higher than the value for keratin free, non stretched fibers. This simple method 
of obtaining composite material based on synthetic polymer and bio oligopeptides presents an 
economic and environmentally friendly approach to produce composites for sanitary and 
medical uses, technical textiles particularly filters for heavy metals from waste waters and to 
improve the surface area of PET for environmental degradation.  
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